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Microalgae has the potential to contribute to carbon dioxide capture, resulting in the 
production of alternative fuels and valuable chemical products. To accomplish this, high 
efficiency photobioreactors must be conceptualized, designed and established, in order to 
achieve high inorganic carbon conversion, superior light utilization, and unique fluid 
dynamics.  
In this PhD Dissertation, experiments with Chlorella vulgaris were carried out, in a 0.175L 
especially designed PhotoBioCREC unit, under controlled radiation and high mixing 
conditions. This unique design involves 1 mm-2 mm alumina particles, which keep 
photoreactor walls always clean, without compromising photon transmittance. Sodium 
bicarbonate (NaHCO3) was supplied as the inorganic carbon containing culture media. The 
NaHCO3 concentrations studied were in the 18 mM to 60 mM range. The NaHCO3 
concentrations, the total organic carbon concentrations and absorbed radiation were 
measured every 24 hours. The pH was readjusted every day to the required 7.00 level, with 
the temperature being maintained at 24.3°C ± 0.5°C.  
Results showed 29.6% as the best carbon conversion achieved, with a total organic carbon 
(TOC) selectivity up to 33% ±2.0, by Chlorella vulgaris. It was found that quantum yield 
efficiencies, for Chlorella vulgaris culture, in a NaHCO3 solution media, were in the 1.9%-
2.3% range. It was also proven that maximum reaction rates for organic carbon formation 
were achieved with a 28 mM NaHCO3 concentration, displaying a 1.18 ± 0.05 
𝑚𝑚𝑜𝑙𝑒 𝐿−1𝑑𝑎𝑦−1 value. Based on the experimental data obtained, a kinetic model for 
inorganic carbon consumption and organic carbon formation was successfully developed and 
validated for concentrations of NaHCO3 in the 18 mM to 60 mM range. 
Thus, the findings of the present PhD Dissertation allowed one to establish best operational 
conditions, in the PhotoBioCREC unit, for Chlorella vulgaris growth, in sodium bicarbonate 




Furthermore, the rotating flow design, in the near transmission wall region of the 
PhotoBioCREC prototype, was also demonstrated in a 10.3 L PhotoBioCREC Swirl Reactor 
prototype. It was proven in this PhD Dissertation, that this scaled-up unit could also benefit 
from the flow rotational principles of the PhotoBioCREC. It is anticipated that future studies, 
which will include the developed microalgae growth kinetics, will allow one to demonstrate 
via numerical simulation and experimentation, the value of scaled PhotoBioCREC Swirl 
Reactor units, for CO2 derived carbon capture using Chlorella vulgaris culture. 
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Summary for Lay Audience 
The combustion of fossil fuels leads to greenhouse emissions that play a significant role in 
climate change. Carbon dioxide (CO2) is one of the main components of these emissions. 
Plants consume CO2 in the process of photosynthesis. However, CO2 fixation in plants is not 
significant enough to prevent the increase of the CO2 concentration in the atmosphere. For 
this reason, action must be taken to enhance CO2 fixation and to reduce these emissions.  
Microalgae, like plants, offer a unique method for CO2 fixation, through photosynthesis. 
They can be grown at controlled conditions, in photobioreactors. This approach can allow 
power plants to reduce carbon emissions, by capturing CO2 in bicarbonate solutions, feeding 
them later, to photobioreactors, for microalgae growth. The organic matter produced can be 
used for energy production in the same power station, or alternatively, as a precursor of other 
products such as biofuels, pharmaceuticals, and food. 
Photobioreactors for algae production are however, still under development. Light supply at a 
constant rate during microalgae growth, is a challenge since microalgae, tend to grow on the 
photobioreactor walls. Moreover, light absorption efficiency has not usually yet been 
reported in the technical literature even though light is the photosynthesis driving force.  
The objective of this study was to design a new photobioreactor for microalgae cultivation 
powered by visible light. This objective was successfully accomplished by using sodium 
bicarbonate solutions in a 0.175 L vortex flow PhotoBioCREC unit, with a Chlorella vulgaris 
culture. Inorganic carbon depletion and organic carbon formation were monitored. The 
promising efficiency of the reactor was demonstrated in terms of its ability to convert 
inorganic carbon into organic carbon and to transform visible photon energy to produce 
microalgae. The study was completed, with fluid dynamic and photo absorption studies in a 
10.3 L volume PhotoBioCREC Swirl Reactor. Experiments in this larger unit, provided 
valuable reactor engineering information, required to implement in the near future 
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Chapter 1  
1 Introduction 
Energy requirements for transportation, industry and housing are steadily increasing with 
human population growth (Taylor & Tainter, 2016). Over the years, fuel energy 
consumption has increased, with this being either localized (e.g., power stations) or 
distributed (e.g., car, buses) and leading to greater greenhouse gas emissions (Taylor & 
Tainter, 2016). 
Prior to the industrial age, there was a balance between the carbon consumed by humans, 
animals, and plants as a source of energy, and the CO2 absorbed by plants, the soil, and 
the ocean. However, at present, the natural carbon cycle has been disturbed by both the 
anthropogenic release of carbon dioxide (CO2) via combustion into the atmosphere, and 
extensive land usage (Stocker et al., 2013). This is the consequence of the excessive use 
of fossil derived fuels, as required for human transportation, for the ever-expanding 
manufacturing industrial sector and for other energy usage intensive industries, such as 
cement production (Stocker et al., 2013). As a result, the concentration of carbon dioxide 
(CO2) in the atmosphere is steadily growing (Buis, 2019), with this being a matter of 
great concern for the world community, for both the present and future of humankind 
(IPCC, 2014). 
It is predicted that renewable energies such as wind, hydropower, geothermal and 
biomass will all contribute to significantly reducing fossil fuel energy generation 
dependence. Despite these efforts to increase energy supply by renewable resources, 
energy supplied by coal, oil and natural gas still accounts for up to 81.2% of the energy 
used worldwide (IEA, 2020), as reported in Figure 1.1.  
To address this issue, one should mention that there is no single path or process capable 
of providing the energy required worldwide to reduce the dependence on fossil fuels. 





potential to contribute to the utilization of carbon dioxide efficiently, by capturing CO2 to 
produce renewable biomass and biofuels, among other valuable products, through a 
“neutral carbon emission process” (Chisti, 2007; Gharabaghi et al., 2015).    
 
Figure 1.1 World Total Energy Supply by source in 2018. Note: Category “Other” 
includes geothermal, solar, wind, tide/wave/ocean, heat and other sources (IEA, 2020).  
Microalgae species have the advantage of growing faster than plants, since most of the 
photonic energy is used for cell division, resulting in a rapid biomass accumulation (Li et 
al., 2008; Sayre, 2010). The resulting microalgae composition includes pigments, lipids, 
oils, fatty acids, and bioactive compounds. The produced microalgae have many 
applications such as animal and human food, cosmetics and biofuels, among other uses 
(Chisti, 2007; Metting, 1996; Spolaore et al., 2006). 
Despite the claimed potential of carbon capture and microalgae biomass production 
through this process, the production of biofuels and bulk products such as proteins for 
food is not yet economically viable (Singh & Dhar, 2019). To achieve the feasibility of 
carbon capture by microalgae, the efficiency of the cultivation process must consider 
factors such as nutrients, carbon source, temperature, pH, and light supply as well as the 






When micro and macro nutrients are supplied satisfactorily, mixing, temperature and pH 
are controlled adequately, the main factors affecting the growth rate are the carbon source 
and the light supply.   
Even if microalgae can grow with the CO2 concentration in the atmosphere (0.04%
1), its 
growth rate is highly enhanced at higher concentrations of CO2 (Wang et al., 2008), its 
growth rate is highly enhanced at higher concentrations of CO2 (Wang et al., 2008). It is a 
common practice to supply a pure CO2 stream or an enriched air-CO2 stream to 
microalgae culture, resulting in high energy costs due to the low solubility and diffusion 
of CO2 in water (Vadlamani et al., 2017).  
A different approach involves the direct supply of CO2 from industrial flue gas such as 
the one produced in a power plant. The main drawbacks of this alternative are the 
possible exposure of microalgae to: a) high temperature, b) high CO2 concentrations and 
c) Inhibitory effects of compounds such as sulfur oxides (Pires et al., 2012; Thomas et al., 
2016).   
One should note however, that in order to be viable, the described microalgae culture 
processes have to address the issues of CO2 capture and storage. In this respect, CO2 
storage in soluble carbonates (bicarbonate/carbonate) offer a valuable alternative to keep 
CO2 in a much easier to handle liquid phase (González-López et al., 2012). This is the 
case given the following: a) it requires less energy and reduced transportation cost (Gris 
et al., 2014), b) it provides high CO2 solubility and stable CO2 retention (i.e., 9.6 g 
NaHCO3/100 g water versus 0.1688 g CO2/100 g water at 20 °C) (Kim et al., 2017; Perry 
et al., 1997). Furthermore, these bicarbonate solutions can provide the inorganic carbon 
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by the availability of dissolved inorganic carbon species in the medium (Vadlamani et al., 
2017), the use of soluble carbonates species can result in a much higher carbon fixation 
efficiency (Adamczyk et al., 2016). 
In this respect, recent research studies have reported the positive impact of bicarbonate 
solutions on microalgae growth, given the favourable lipid accumulation in the resulting 
microalgae (Chi et al., 2011, 2013; Gris et al., 2014; Kim et al., 2017; Vadlamani et al., 
2017).Thus, and on this basis, an integrated process of CO2 capture via the absorption of 
an enriched solution of carbonate-bicarbonates, offers the possibility of providing 
microalgae and benefiting from reduced liquid phase recirculating costs (Gris et al., 
2014). 
Concerning the light supply, one should mention that the rate of photosynthesis is a 
function of the irradiance to which microalgae cell compartments are exposed 
(Dillschneider & Posten, 2013). Thus, the light absorbed by the culture media is a critical 
parameter to be considered in photobioreactor design. This is also significant given that 
culturing microalgae in photobioreactors, may lead to unknown and variable irradiation 
gradients. Furthermore, when the source of irradiation is the sun, the incident light 
intensity is subject to the influence of daily and seasonal changes, as well as weather 
(Dillschneider & Posten, 2013). Hence, a significant challenge is to provide uniform 
irradiation intensities to all microalgae cells within the photobioreactor, with this 
irradiation not being affected by operational issues such as microalgae growth becoming 
fixed on the reactor walls (Razzak et al., 2017). Furthermore, other parameters that may 
influence photobioreactor performance also have to be considered, in the engineering of 
these units such as: a) biomass concentration, b) microalgae culture mixing, c) cell shear, 
d) temperature control and e) gas-liquid mass transfer (Olivieri et al., 2014). 
Even though light is the driving force for photosynthesis (Dillschneider & Posten, 2013), 
microalgae growth and photobioreactor design have been approached without 
considering the efficiency of light utilization by microalgae, for inorganic carbon 





Markager, 1993). In addition, and as far we are aware of, the simultaneous investigation 
of microalgae carbon conversion and quantum yield efficiency during microalgae growth, 
is not reported in the technical literature. This lack of information limits the evaluation of 
microalgae growth efficiency. This becomes even more problematic in the engineering of 
photobioreactors, where central issues for microalgae growth optimization are the 
reaction rate, the visible radiation absorbed and media hydrodynamics (Razzak et al., 
2017). 
Given the above, the goal of present PhD research is to establish the carbon conversion 
and photon absorption, and as a result, the Quantum Yields, by utilizing the principles of 
photoreaction engineering in a novel PhotoBioCREC unit, using microalgae CPCC 
Chlorella vulgaris and sodium bicarbonate (NaHCO3). It is proposed in this PhD research 
to study these relevant issues for microalgae growth, in the context of a microalgae 
growth kinetics model, applicable to a wide range of inorganic carbon concentrations.  
To address these matters the following chapters are proposed for the PhD Dissertation: 
Chapter 2 summarizes the state-of-the-art technologies for microalgae cultivation, the 
factors affecting microalgae growth, the kinetic available models, and the Quantum Yield 
parameter.  
Chapter 3 presents the main research objectives of the PhD Dissertation.   
Chapter 4, provides a detailed explanation of materials, analytical methods, and 
experimental setup, with details of the designed PhotoBioCREC unit, are provided.   
Chapter 5 reports the carbon conversion, for the different bicarbonate carbon 
concentrations and their changes with run time. On this basis, the extent of the 
biochemical conversion of inorganic carbon into organic carbon by CPCC Chlorella 
vulgaris, is established.  
Chapter 6 describes the implementation of Macroscopic Energy Balances and the 





Chapter 5 and Chapter 6 were published in Industrial and Engineering Chemistry 
Research 2020, 59 (33), 14710-14716 (Impact factor: 3.720).  
Chapter 7 reports the kinetic parameters of microalgae growth under controlled mixing 
and radiation conditions. A kinetic model for both inorganic and organic species is 
proposed and validated. This chapter is based on a manuscript published in Processes 
2021, 9, 1296 (Impact factor: 2.847).   
 Chapter 8 presents the scaled PhotoBioCREC Swirl Reactor prototype. It includes 
preliminary results obtained with this unit including irradiation measurements and fluid 
dynamics. 
 Chapter 9 reports the conclusions, research outcomes and future work recommendations 






Chapter 2  
2 Literature Review  
This chapter presents a review of the main concepts regarding microalgae culture, 
photobioreactor design and efficiency of carbon capture by microalgae processes. 
2.1 Microalgae 
Microalgae are algal bodies that can be observed only with a microscope due to their tiny 
cell size. Algae are heterogenous assemble of organisms mostly photosynthetic that 
produce oxygen and live in aquatic habitats. In addition, the algae lack the body and 
reproductive features of the land plants (Graham et al., 2009).  
Microalgae can grow under different conditions since they assume many types of 
metabolisms, and are capable of a metabolic shift, as a response to changes in the 
environmental conditions (Gouveia, 2011). If microalgae grow using light as the only 
energy source and inorganic carbon as the carbon source, the cultivation conditions are 
designated as photoautotrophic (Gouveia, 2011). When grown heterotrophically, algae 
utilize an organic carbon source (e.g., glucose or acetate) as both a carbon source and 
energy source for growth (Harel & Place, 2004). In addition, microalgae can grow 
mixotrophically, using both light and organic carbon as the energy source, and inorganic 
or organic carbon as a carbon source, depending on the availability (Gouveia, 2011). 
2.2 Photosynthesis in Microalgae 
2.2.1 Light and Dark reactions of Photosynthesis 
Plants, algae, and cyanobacteria can carry out oxygenic photosynthesis. Photosynthesis 
can be considered as a redox reaction driven by light energy (Mauzerall, 2013). In this 
reaction, carbon dioxide and water are converted to carbohydrates and oxygen (Pandey et 





reactions. Figure 2.1 is a representation of the process which takes place in the 
chloroplast.  
Under the light irradiation, light energy is converted into chemical energy that drives the 
conversion of CO2 to carbohydrates. The production of both adenosine triphosphate 
(ATP), and the biochemical reductant nicotinamide adenine dinucleotide phosphate 
(NADPH2) takes place in the photosystem II (PS II) and photosystem I (PS I) centers 
(Masojídek et al., 2013). The photophosphorylation reaction start with the extraction of 
two electrons from water once light reaches the reactions centers. These electrons are 
transferred through a chain of electron carriers to produce one molecule of NADPH2. As 
a product of the water splitting, O2 is released. At the same time, protons from the stroma 
are transported into the lumen, which results in a pH gradient that drives the ATP 
synthesis, and which is catalyzed by a protein complex called ATP synthase (Masojídek 
et al., 2013). The reaction can be expressed as: 
2𝑁𝐴𝐷𝑃 + 2𝐻2𝑂 + 3 𝐴𝐷𝑃 + 3𝑃𝑖
𝑙𝑖𝑔ℎ𝑡 𝑒𝑛𝑒𝑟𝑔𝑦
→         2 𝑁𝐴𝐷𝑃𝐻2 + 3𝐴𝑇𝑃 + 𝑂2 
Reaction 2.1 
 
Figure 2.1 Schematic representation of the light and dark reactions of photosynthesis. 
Abbreviations: RuBP = ribulose-1,5-biphosphate; 3PG = 3-phosphoglycerate; and G3P = 





On the other hand, during the dark reactions, carbon dioxide fixation occurs via NADPH2 
and ATP, in the presence of enzymes. The overall reaction can be written as (Masojídek 
et al., 2013): 
𝐶𝑂2 + 4 𝐻
+ + 4 𝑒−
2𝑁𝐴𝐷𝑃𝐻2,3𝐴𝑇𝑃
→           (𝐶𝐻2𝑂) + 𝐻2𝑂 
Reaction 2.2 
The mechanism of this reaction was developed by Calvin and Benson (1940-1950) and it 
is divided in four phases (Masojídek et al., 2013):  
a) Carboxylation phase: the enzyme ribulose 1,5-bisphosphate 
carboxylase/oxygenase (Rubisco) catalyzes the addition of CO2 to the 5-carbon 
sugar named ribulose bisphosphate (Ribulose-bis-P) to form two molecules of 
phosphoglycerate (Glycerate-P). 
b) Reduction phase:  phosphoglycerate is reduced to 3-carbon products (Triose-P) 
using the energy provided by ATP and NADPH2.  
c) Regeneration phase: Ribulose phosphate (Ribulose-P) is regenerated for further 
CO2 fixation. The process involved a complex series of reactions combining 
molecules of 3- to 7-carbon sugar phosphates.   
d) Production phase: products such as carbohydrates, fatty acids, amino acids and 
organic acids are synthesized.    
2.2.2 Photorespiration  
During photosynthesis, the conversion of organic carbon into CO2 can proceed, catalyzed 
by Rubisco enzyme in a reaction designated as “photorespiration” (Long et al., 2006). 
This competing reaction depends on the concentration of O2 and CO2 (Falkowski & 
Raven, 2007). If the concentration of O2 is higher than that of the CO2 and if this is 
accompanied by high irradiation, the equilibrium is shifted towards photorespiration. This 





2.3 Inorganic Carbon Supply and Uptake Mechanism 
2.3.1 Sources of Inorganic Carbon  
Microalgae need an enriched CO2 source for faster growth. Considering that the 
concentration of CO2 in the atmosphere is low (approximately 0.04%
2), this affects its 
diffusion to the culture medium. Moreover, the high surface tension of water and the low 
mass transfer coefficient between air and the culture medium, reduces CO2 diffusion 
(Thomas et al., 2016). As a result, the microalgae culture energy required, to provide 
sufficient carbon from atmospheric air, is high (Lam et al., 2012).  
The supply of carbon to microalgae cultures can be achieved using flue gases from the 
combustion of fossil fuel, such as coal and oil in a power plant (Kumar et al., 2018; 
Vuppaladadiyam et al., 2018). This is an approach that may contribute to a near-zero 
carbon emission process. As well, carbon dioxide can be stored as soluble carbonates 
which can be supplied to microalgae culture. 
2.3.1.1 Flue Gases 
Flue gases are the product of combustion of fuels, which could be an inexpensive and 
rich source of CO2 (Yadav et al., 2015). The produced flue gas composition is affected by 
the fuel source (coal, oil, natural gas) and the conditions of the combustion system (i.e., 
air-fuel ratio) (Thomas et al., 2016). As a result, CO2 concentration in flue gas emissions 
varies from 10%-15% in coal-fired power plants, and 5%-6% in natural gas power plants 
(U.S. DOE 2010).  
Even though flue gas can be supply directly to microalgae culture, it exposes the 
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and nitrogen oxide (NOx), and the presence of inhibitory compounds such as sulfur oxide 
(SOx) (Pires et al., 2012). This can result in a decline in photosynthesis efficiency in 
microalgae, due to the low solubility of CO2 at high temperatures (Ho et al., 2011). 
Sulfur is incorporated into the plastids of the microalgae cells as sulfate. An excess of it 
is stored in the vacuoles, which causes a reduction in the formation of amino acids 
(Thomas et al., 2016). The problem associated with sulfur oxides is associated to its 
accumulation over time, that leads to pH reduction and a further decline of bicarbonates 
content of the medium (Thomas et al., 2016). Results of experiments with 50 ppm of SOx 
showed that there was no significant effect on the specific growth rate. However, at 
higher concentration of 400 ppm the pH dropped significantly (Matsumoto et al., 1997; 
Negoro et al., 1991). 
In the case of nitrogen oxides, the main compound is nitric oxide (NO). It is considered 
that NO in the gaseous phase, dissolves in the culture medium and is consumed by algal 
cells (Matsumoto et al., 1997; Pires et al., 2012). Experiments conducted with 300 ppm 
of NO resulted in no growth of Nannochloropsis sp. and a prolonged lag phase and low 
growth rate for Nannocloris sp (Pires et al., 2012). On the other hand, experiments 
reported by Lizzul et al. (2014) with Chlorella sorokoniana showed that its growth was 
not affected by 50 ppm of NO in the flue gas supplied, and that the concentration of NO 
in the effluent gas was reduced by 95%. Thus, these results suggest that microalgae strain 
is a factor to consider, when using flue gas as carbon source (Lara-Gil et al. 2014; Yen et 
al., 2015).  
2.3.1.2 Soluble Carbonates  
The use of flue gas for microalgae growth presents other challenges that can be overcome 
with the use of soluble carbonates. When there is no land available near a power plant to 
use flue gases directly for microalgae growth, the gas needs to be transported, adding cost 
to CO2 capture and transportation (Chi et al., 2011; Thomas et al., 2016). The 





may be needed at night (Chi et al., 2011). In this case, the capture of CO2 in the form of 
soluble carbonates such as sodium bicarbonate (NaHCO3) and sodium carbonate 
(NaCO3) offers a possible solution. This could reduce the cost of transportation since the 
transport of aqueous bicarbonate solutions requires much less energy (Gris et al., 2014). 
Figure 2.2 shows a representation of the integrated process of CO2 capture in soluble 
bicarbonate/carbonate solutions. The process starts with the absorption of CO2 from flue 
gases in an enriched solution of carbonate or bicarbonate. The resulting solution is 
provided as the carbon source to microalgae in a photobioreactor. After biomass 
separation, the gas-liquid phase containing the unconverted bicarbonates and CO2 is 
recirculated back to the absorption unit (Gris et al., 2014).  
 
Figure 2.2 Schematic representation of CO2 capturing from flue gas using carbonates 
(Gris et al., 2014). 
Studies have reported that the ion bicarbonates can serve as an alternative carbon source 
to grow microalgae (Chi et al., 2011, 2013; Gris et al., 2014; Kim et al., 2017; Vadlamani 
et al., 2017). Growing microalgae with soluble carbonates has the following advantages: 
(1) the carbon source can be stored during winter season (considering different 





has a longer retention time, and (4) the carbon source once dissolved as bicarbonate does 
not require extra energy to be spent for pumping air (Kim et al., 2017; Lam et al., 2012). 
However, there is a limitation related to the tolerance of the microalgae strain to high salt 
concentration. The exposure of microalgae to a high level of salt can lead to the 
inactivation of some enzymes and eventually to growth inhibition (Kim et al., 2017; 
Torzillo & Vonshak, 2013).  
Tu et al. (2018) studied the effect of NaHCO3 concentration for Chlorella sp. LPF 
growth. It was reported that concentrations from 0.1 g/L to 60 g/L enhanced the growth 
by 42%. The growth rate was reduced by only 13%, when NaHCO3 at 80 g/L was used. 
Similarly, Chlorella vulgaris have been cultivated with different carbon sources 
including CO2 (3%), NaHCO3, sodium acetate and molasses which were added to the 
culture media with 0.5 g/day rate. It was found that the highest cell density was achieved 
with bicarbonates solutions as carbon source (Abedini et al., 2015).  
Moreover, studies have also reported that microalgae growth under salt content can 
enhance lipid production. Abedini et al (2015) reported that the fatty acid content of 
microalgae when using bicarbonate was higher compared to when CO2 was employed. It 
was also very close to the maximum achieved by sodium acetate for Chlorella vulgaris. 
Likewise, Chlorella sp. LPF lipid production was enhanced by the addition of NaHCO3 
(Tu et al., 2018). 
The consumption of bicarbonate ion by the microalgae increases the pH of the culture, 
due to the release of hydroxyl ions (𝑂𝐻−) (Aizawa & Miyachi, 1986). Experiments with 
Dunaliella sp. showed that when sodium bicarbonate was used as a carbon source, the pH 
of the medium increased up to 10 in three days of cultivation (Kim et al., 2017). One 
should note that pH regulation may be required, when culturing microalgae in 






2.3.2 Mechanism of CO2 Fixation in Photosynthesis  
The concentration level of CO2 in the atmosphere is near 0.04%. This low concentration 
is considered a limitation for the photosynthesis process. The concentration of dissolved 
CO2 decreases with temperature while the solubility of CO2 is influenced by the pH, 
sediment, and soil respiration, among other factors (Spalding, 2008). This results in a 
short- and long-term variability of available CO2 for photosynthesis (Spalding, 2008). 
Therefore, photoautotrophic microorganisms evolved a mechanism to concentrate CO2 
(carbon concentrating mechanisms or CCMs). This allows them to survive at low 
inorganic carbon concentration in the medium (Solovchenko & Khozin-Goldberg, 2013). 
Microalgae and cyanobacteria can consume both CO2 and 𝐻𝐶𝑂3
− through the cell 
membrane (Chi et al., 2011). When 𝐶𝑂2 dissolves in water, three inorganic carbon 
species are produced: 𝐶𝑂2(𝑎𝑞), carbonate and bicarbonate ions. The equilibrium 
concentration of the various carbonate species in aqueous solution are controlled by the 
pH of the solutions: (a) at a pH < 4.5 free CO2 molecules or carbonic acid 𝐻2𝐶𝑂3 (b) 4.5 
< pH < 8.5: bicarbonate (𝐻𝐶𝑂3
−) and (c) pH > 8.5: carbonate (𝐶𝑂3
−2) (Hage & Carr, 
2011).  
Three possibilities have been reported in the literature for carbon uptake by microalgae: 
(1) conversion of bicarbonates into CO2, by using extracellular carbonic anhydrase, 
which can freely diffuse into the cells, (2) direct assimilation of CO2 through the 
plasmatic membrane and (3) direct uptake of bicarbonates through carriers such as 
proteins in the membrane (Giordano et al., 2005; Huertas et al., 2000; Spalding, 2008). 
Figure 2.3 reports a schematic model of an inorganic carbon transport and CO2 
accumulation process in eukaryotic algal cells. The model incorporates the possible 
transport of dissolved inorganic carbon in the plasmalemma and/or chloroplast envelope 






Figure 2.3 A Schematic Model for Inorganic Carbon Transport and CO2 Accumulation 
Processes in Eukaryotic Algal Cells (Giordano et al., 2005). 
CO2 uptake in the eukaryotic photosynthetic microorganism is mediated by membrane 
transport mechanisms. For some species such as Chlamydomonas, the membrane is the 
chloroplast envelope (Kaplan & Reinhold, 1999). Two steps are considered for carbon 
uptake by cells: (a) the diffusion of CO2 from the bulk solution via the unstirred layer, 
and (b) the subsequent mediated transfer through the chloroplast envelope (Kaplan & 
Reinhold, 1999). In the case of 𝐻𝐶𝑂3
−, the photosynthetic microorganism can utilize it as 
a source of carbon, through the enzyme that converts it to CO2. This enzyme is called 
carbonic anhydrase (CA). It catalyzes the reversible interconversion of 𝐻𝐶𝑂3
− and 𝐶𝑂2 
(Kaplan & Reinhold, 1999). 
Many photosynthetic microorganisms, both freshwater, and marine are capable of 
directly utilizing available bicarbonate ions (𝐻𝐶𝑂3
−)  (Colman & Rotatore, 1995; Kaplan 
& Reinhold, 1999). There is evidence, that when using Scenedesmus obliquus microalgae 
species, 𝐻𝐶𝑂3
− is consumed directly by the cells. These cells can photosynthesize even 
when the pH is greater than 10, and bicarbonate and carbonate ions are the major 





However, more research is needed to better understand the different paths for carbon 
uptake by microalgae, since most of the conclusions arrived at, have been made from 
studies with cyanobacteria. 
2.4 Light and Photosynthesis efficiency  
2.4.1 Light  
Visible irradiation (light) is essential for microalgae growing under photoautotrophic 
conditions.  This is the case given that microalgae obtain the needed metabolic energy, 
from these visible light photons. Both low and high light intensities are unfavorable for 
photosynthesis, leading to photo-limitation and photoinhibition, respectively (Carvalho et 
al., 2014). The absorption of light in photosynthetic microorganisms occurs by different 
pigments such as chlorophylls, phycobilins, and carotenoids with each pigment having a 
specific wavelength absorption band (Nwoba et al., 2019).  
The rate of photosynthesis is a function of the irradiance to which microalgae cells are 
exposed. Irradiance is defined as the total amount of radiation reaching a point from all 
direction in space, at every wavelength (Dillschneider & Posten). However, the 
photosynthesis of microorganisms can only occur within the 400 nm - 700 nm 
wavelength range (visible light), designated as the photosynthetically active radiation 
(PAR), which corresponds to approximately 45% of sunlight wavelengths (Dillschneider 
& Posten, 2013; Melis, 2009). In addition, chlorophylls can capture up to 2% of the PAR. 
This was established in the present study, by considering the fraction of the PAR, with 
photons having a wavelength of 431 nm, 663.8 nm, 457.1 nm, and 643.6 nm in the 
absorption chlorophyll bands, as reported by Lanfer Marquez & Borrmann (2009). For 
this reason, the optimization of light supply is critical for microalgae growth.  
Light distribution on microalgae cells depends on the type of photobioreactor and cell 
density. For instance, the water depth of open ponds is limited by the distance that the 
light can travel to reach the photosynthetic cells, which is usually between 15 cm–20 cm 





. In high cells densities cultures however, the light path length can be limited to 2 mm 
given the significant absorbed or scattered light (Dillschneider & Posten, 2013). 
2.4.2 Quantum Yield 
Quantum yield is a measure of the efficiency of light utilization in the photosynthesis 
process and is expressed as units of substrate used or product formed (e.g., moles of 
carbon) per moles of photon (Markager, 1993).  
The quantum yield of photosynthesis has to be derived from measurements of light 
intensity, specifically rate of absorbed energy, and rate of photosynthesis (Emerson, 
1958). Among the different units used to report the rate of photosynthesis the are mol of 
oxygen (O2) produced, mol of carbon used or incorporated in plant biomass per moles of 
photon (Markager, 1993).  
Before the application of the quantum theory to photochemistry, the efficiency of 
photosynthesis was calculated as the number of calories stored per number of calories 
absorbed. Researchers who first studied the quantum yield or quantum efficiency of 
photosynthesis (𝜙)  used the number of oxygen molecules produced per photon of light 
absorbed (Emerson, 1958). The expression for quantum yield reported by Emerson 
(1958) is presented in Equation 2.3 and in Equation 2.4: 
𝜙 =
𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠 𝑐𝑜𝑛𝑣𝑒𝑟𝑡𝑒𝑑 






 Equation 2.4 
 
On this basis, the maximum quantum yield (𝜙𝑚𝑎𝑥) is defined as “the largest quantity of 
product formed, or substrate consumed relative to the smallest number of photons 
absorbed” (Falkowski & Raven, 2007). Maximum quantum yields of 0.12 moles 
O2/Einstein were reported at 680 nm for experiments with Chlorella pyrenoidosa at 10 
°C (Govindjee et al., 1968). Emerson & Lewis (1941) reported maximum values of 





experiments were conducted at 10 ˚C with a value of 0.092 moles O2/Einstein (Emerson 
& Lewis, 1941).  
Razzak et al (2017) highlighted the importance of integrating radiation and kinetics in the 
design of photobioreactors to establish the energy efficiency. This approach has been 
successfully implemented in photocatalytic reactors and can be developed for microalgae 
culture (de Lasa et al., 2005).      
2.5 Other Factors to consider for Microalgae Growth  
Carbon is the main nutrient for microalgae growth. Light plays a critical role since it is 
the driving force for the photosynthesis process. However, there are other factors that 
have an influence in the growth rate of microalgae such as temperature, macronutrients 
for instance nitrogen and phosphorous, and micronutrients. All these factors are critical 
for the metabolic processes that take place during photosynthesis. 
2.5.1 Temperature  
Temperature impacts microalgae productivity: it influences growth and affects the 
solubility of CO2 in water. Rubisco enzyme activity shows a reduction with a low 
temperature in microalgae growth, which affects the photosynthesis process, and carbon 
uptake by the cells (Zhao & Su, 2014). On the other hand, high temperatures are 
associated with the inhibition of the microalgal metabolic behavior, reducing the 
solubility of CO2, and increasing the photorespiration intensity, which results in a 
reduction in the photosynthetic efficiency (Zhao & Su, 2014; Zhu et al., 2008).  
Even though microalgae can grow in a wide range of temperatures, there is an optimum 
temperature which results in a higher growth rate. For instance, Chlorella can normally 
grow within a 5°C to 30°C range, with a 25 °C optimum (Singh & Singh, 2015). 
Moreover, Converti et al (2009) reported that the specific growth rate of Chlorella 
vulgaris was not affected by an increase of temperature from 25°C to 30°C. However, 





2009). Masahiko et al. (2000) reported the isolation of microalgae Chlorella sorokiniana 
from hot springs in Japan. These microalgae species were successfully grown in 
temperatures from 25 °C-40 °C.   
In addition, the production of a specific microalgae component can be achieved. For 
example, an increase in total carotenoid and in the percentage of astaxanthin, were 
reported for the Chlorococcum sp. green algae, when temperature was increased from 
20°C to 35°C under nitrogen starvation conditions (Liu & Lee, 2000).  
Since photosynthesis needs light, irradiation in photobioreactor can increase the 
temperature of the culture. In addition, when using flue gas as a source of inorganic 
carbon (Chiu et al., 2011; Morita et al., 2001), the temperature must be monitored and 
controlled to avoid inhibition of microalgae growth.  
Given the above, a system was designed to avoid temperature increasing during 
irradiation time in the PhotoBioCREC unit during experiments carried out for this 
research. The experimental setup is presented in Chapter 4. 
2.5.2 Nutrients  
Along with inorganic carbon supply, microalgae require nitrogen and phosphorous for 
their metabolic process. Nitrogen is an essential constituent of all structural and 
functional proteins in algal cells, while phosphorous mediates the energy transfer and 
nucleic acid synthesis (Gonçalves et al., 2017; Hu, 2004). Moreover, trace elements such 
as iron, cobalt, zinc, manganese among others, must be provided, due to their critical role 
in a variety of metabolic pathways, which involve the utilization of essential algal 
resources such as light, nitrogen, phosphorous and CO2 (Andersen, 2005). It is important 
to highlight that the requirement of nutrients is specific for each species of microalgae.  
Studies have pointed out that the use of wastewater as a source of nutrients for 





of microalgae process as well as its economic feasibility (Abdel-Raouf et al., 2012; De 
Godos et al., 2009; Jutidamrongphan et al., 2015).   
Nitrogen limitation has been reported to increase the lipid content, for some green 
microalgae. Furthermore, a low concentration of nitrogen has been shown to slow down 
the growth rate of microalgae. To address the role of nitrogen, researchers have been 
working on optimizing the cultivation time and lipid accumulation period (Abedini et al., 
2015; Pandey et al., 2014b).  
Regarding the nutrients, a medium recommended by the Canadian Phycological Culture 
Center (CPCC), University of Waterloo, was used to ensure the supply of all micro and 
macro nutrients required by the microalgae CPCC90 Chlorella vulgaris, which is the 
strain used in this research. Further details of the medium and its composition is 
presented later in Chapter 4. 
2.5.3 Culture pH  
The value of the pH in the culture affects the solubility of CO2 and minerals. It also 
influences the metabolism of microalgae (Carvalho et al., 2014). Microalgal species have 
an optimal pH in the range of 7-9, but some species have an optimum pH within more 
acid or basic ranges (Pandey et al., 2014a). Factors such as composition and buffering 
capacity of the medium, temperature (affects the solubility of CO2), amount of dissolved 
CO2 and metabolic activity of the algal cells, all influences the pH of the culture 
(Carvalho et al., 2014). 
For these reasons, the pH was monitored during microalgae growth experiments 
presented in this dissertation. Based on the recommended pH by the CPCC for Chlorella 
vulgaris, the pH of the culture was adjusted to 7.0. More details are given in Chapter 4.    
2.5.4 Mixing 
Mixing is the most important requisite for obtaining constant high yields of microalgae 





photobioreactor can influence the hydrodynamic stress, the photon and the gas transfer in 
the culture medium (Carvalho et al., 2014).  
On the other hand, mixing keeps the algal cell in suspension. It eliminates thermal 
stratification, and allows an even nutrient distribution, while enhancing gas-liquid mass 
transfer to prevent oxygen accumulation (Gupta et al., 2015; Kumar et al., 2015). 
Moreover, mixing helps to expose the cells to light, which contributes to avoiding photo-
limitation and photoinhibition, due to the enhancement of light utilization (Kumar et al., 
2015). 
In stirred photobioreactors, the impellers and baffles determine the effectiveness of 
mixing and the O2 transfer. In air driven bioreactors, gas spargers achieve mixing and O2 
transfer (Gupta et al., 2015). In open ponds, mixing is provided by baffles and 
paddlewheels; circulation is another option to ensure good mixing (Gupta et al., 2015; 
Kumar et al., 2015). 
The critical role of mixing was considered in the design of the PhotoBioCREC unit which 
results are presented in this dissertation. The use of a magnetic stirrer in addition to 
baffles with the designed semiconical shape of the photobioreactor provides the required 
mixing as later explained in Chapter 4.     
2.6 Microalgal Growth  
2.6.1 Phases of the growth cycle  
During the growth of microalgae or any microorganism, different phases of growth can 
be observed as presented in Figure 2.4.  
First and during the lag phase, growth rate is considered null (Monod, 1949). Different 
factors influence the duration of the lag phase. These factors include microalgae 
adaptation to the media nutrient composition and the growth phase from which the 






Figure 2.4 Typical growth characteristics of a microorganism in a batch reactor (Blanch 
et al., 1996). 
Following this, there is a steady microalgae growth period, designated as the exponential 
phase. During this phase, cells culture progress with cell division, with cell properties 
considered unaltered and growth rate being constant (Monod, 1949). Once the growth 
phase is completed, the growth rate slows down significantly, leading to a stationary 
phase where growth rate is arrested. Finally, the culture phases are completed with a last 
one, designated as a phase where cell population number decreases (Blanch et al., 1996; 
Monod, 1949).        
2.6.2 Growth Models 
During cell division, the rate of increase of cell number can be considered proportional to 
the number of cells. Equation 2.5 and Equation 2.6 show the first models that were 
developed and used to calculate microalgae growth: 
𝑟𝑥 = 𝜇𝑋 Equation 2.5 
𝑟𝑥 = 𝑘𝑋(1 − 𝛽𝑋) Equation 2.6 
Where 𝑟𝑥 is the volumetric rate of increase in dry cell weight; 𝜇 (specific growth rate) and 





growth inhibition, and 𝑋 is the cell concentration expressed in terms of dry cell weight 
per volume.  
Equation 2.5 does not include however growth limitation, leading to an inaccurate 
unlimited growth (Blanch et al., 1996). To overcome this, Verhulst (1844), and Pearl and 
Reed (1920) proposed the addition of an inhibition term, which is presented in Equation 
2.6 (Blanch et al., 1996).   
Monod (1949) proposed as an alternative a model that includes the effect of nutrient 







Where 𝜇𝑚𝑎𝑥 is the maximum specific growth rate of cells, 𝐾𝑠  is the value of the limiting 
nutrient concentration, which results in a growth rate of half the maximum value. 
The Monod’s model as per Equation 2.7 is widely used due to its simplicity. However, a 
drawback of the Monod Model is that it cannot described microalgae growth inhibition, 
due to high substrate concentration or microalgae growth under nutrient absence (E. Lee 
et al., 2015).  
As alternatives, other models have been proposed to account for these two conditions, 
such as the Andrew Model (1968) and the one by Martínez Sancho et al (1997). 
Regarding the latter, the addition of parameters is recommended to account for (a) the 
effect of nutrient absence, (b) the growth limited by low nutrient, and (c) the growth 
inhibit by high nutrient concentration (E. Lee et al., 2015). 
2.7 Microalgal Cultivation Systems 
Different photobioreactor configurations and cultivation strategies for biomass 





immobilized cultures. As suspended cultures, open ponds and closed reactors with their 
different configurations are listed. Matrix-immobilized microalgae and algal biofilms are 
considered (Christenson & Sims, 2011). 
In general, photobioreactors can be classified as indoor or outdoor systems, as well as 
open or closed systems. Raceways and open ponds are the most common open systems. 
On the other hand, closed systems include vertical columns such as annular and airlift 
photobioreactors with its different configurations (internal loop, internal loop concentric 
and external loop). Moreover, there are tubular photobioreactors with tubes arranged in 
multiple possible orientations such as vertical, horizontal, inclined, spiral and helicoidal. 
One should also mention the existence of flat panel photobioreactors. Each configuration 
has advantages and disadvantages (Acién Fernández et al., 2013; Dillschneider & Posten, 
2013; Kumar et al., 2015). 
2.7.1 Open Systems 
Raceway ponds are the most used open system for algae cultivation since the 1950s. A 
raceway pond is an open outdoor pond, as shown in Figure 2.5, with a shallow 
recirculation channel and a paddlewheel for mixing and recirculate the culture (Shi, 
2014).  Construction and material cost are low for raceway reactors. As well, the energy 
requirements for mixing are low. Furthermore, since solar energy is used for 
photosynthesis, there is no cost associated to providing energy (Acién Fernández et al., 
2013).  
However, raceway and open ponds, in general, required a relatively large area (Chisti, 
2016). The efficiency of light utilization is low, and the gas-liquid mass transfer is poor 
(Duan & Shi, 2014). Moreover, there is no temperature control, the risk of culture 
contamination is high (i.e., air pollution, heavy metal accumulation, insect larvae), and 
the final microalgae density is low (Acién Fernández et al., 2013; Kumar et al., 2015). 
Even though raceways have the problems mentioned above, they are the most popular 





is greater than in other systems. In 2015, large scale production of microalgae took place 
in raceway reactors, and it corresponded near to 95% of the total algal worldwide output.  
Spirulina and Dunaliella were some of the strains cultivated in raceways ponds (Kumar 
et al., 2015). 
 
Figure 2.5 Schematic diagram of a Raceway Pond with arrows showing the recirculation 
of the cultured algae and water (Razzak et al., 2017) 
Furthermore, the use of open systems for carbon sequestration is not recommended 
because of the deficient time of sparged gas into the culture, which provides very little 
time for the algal biomass to fix the CO2 from the flue gas (Kumar et al., 2011). To 
overcome this challenge, Vadlamani et al., (2019) reported that the use of NaHCO3 in 
open ponds led to higher biomass and lipid productivities, compared to the use of CO2 in 
open ponds. 
2.7.2 Closed systems 
Closed photobioreactors were developed to overcome the problems associated with open 
pond systems. They can be located indoors, provided with artificial light or natural light 
via light collection and distribution systems as shown in Figure 2.6. Direct sunlight can 





materials must be transparent with long shelf lives such as polymethyl methacrylate, 
borosilicate glass or simply plastic films (Dillschneider & Posten, 2013). 
In these systems, the risk of contamination is low due to reduced exposure between the 
culture and the atmosphere. In addition, control of operating conditions is more feasible 
in closed systems and water loss due to prevention of evaporation (Dillschneider & 
Posten, 2013). 
 
Figure 2.6 Schematic diagram of a closed microalgae system with continuous 
recirculation of suspended algae (Razzak et al., 2017). 
Many designs and configurations of closed photobioreactors have been studied. The most 
common are vertical column photobioreactor, tubular photobioreactor, and flat panel 
photobioreactor. 
2.7.2.1 Tubular Photobioreactor 
A tubular photobioreactor is the most used closed system. It is constituted by solar 
collector tubes, arranged in multiple possible orientations such as vertical, horizontal, 
inclined, spiral, helicoidal and variations of these (Carvalho et al., 2014). Culture flows 





Aeration and oxygen removal usually take place in specific gassing and degassing 
compartments, while gassing at several points along the tubular track is possible. The 
flow regimen within the tubes can be regarded as plug flow with a minimal backward and 
forward mixing. Tubular reactors can attain high biomass productivities with a small tube 
diameter (Dillschneider & Posten, 2013; Wang et al., 2012). The significant 
disadvantages of this photobioreactors are related to the accumulation of excessive 
dissolved oxygen and the excessive power consumption for liquid impulsion (Acién 
Fernández et al., 2013). 
2.7.2.2 Flat panel Photobioreactor 
Flat panels consist of joined transparent plates to store the culture, on which the culture is 
illuminated from one or both sides. The dimensions of this type of photobioreactor are 
diverse, with heights lower than 1.5 m and widths less than 0.10 m being preferred, and 
this to avoid the use of high mechanical resistance materials (Acién Fernández et al., 
2013).  
Flats panels are characterized by a high surface area to volume ratio and open gas 
disengagement systems. Agitation is provided by bubbling air or using a motor (Shi, 
2014). High photosynthetic efficiencies have been reported for flat panel 
photobioreactors; given that they are suitable for mass cultures of algae. Compared to 
horizontal tubular reactors, the accumulation of dissolved oxygen concentration is 
relatively low in flat panel photobioreactors (Carvalho et al., 2014). 
2.7.2.3 Vertical column Photobioreactor 
Vertical tubular photobioreactors were among the first closed algal biomass culture 
systems described in the literature, but their high cost discouraged their use (Carvalho et 
al., 2014). The first design of this type of bioreactor, known as a bubble column, consists 
of a cylindrically shaped transparent vessel. The bioreactor is aerated by a gas distributor 
feeding gas bubbles with controlled diameter and thus providing high gas/liquid 





good mixing, enhances CO2 mass transfer and removes the O2 produced during 
photosynthesis (Kumar et al., 2011). 
Another type of vertical photobioreactor is designated as the airlift PBR. This unit differs 
from bubble columns, given it includes two separate and interconnected zones: (a) the 
riser (up flow section), and (b) the downcomer (downflow section). Gas is sparged in the 
riser section, resulting in a gas holdup. The circulation of the liquid phase occurs due to 
the density difference between the liquid in the riser and in the downcomer. This leads to 
close loop circulation which provides enhanced exposure of the cells to visible light 
(Gupta et al., 2015). Vertical column PBRs with mixing caused by gas bubbles are 
considered a valuable option given they provide high volumetric gas transfer coefficients 
and little culture shear stresses (Wang et al., 2012). 
2.8 Genetic Engineering of Microalgae  
The optimization of strains and expansion of genetic toolsets for manipulating the strains 
into producing high yields of target products, is a possible route towards microalgae 
process scale up (Sproles et al., 2021). Most of the studies in genetic engineering of 
microalgae have been carried out for Chlamydomonas reinhardtii, which is considered a 
model organism for the development of molecular tools for strain selection (Talebi et al., 
2013).    
Efforts have been localized on targeting specific parts of metabolic pathways within 
photosynthetic microorganisms’ cells to change the flux of metabolites towards a desired 
product (Sproles et al., 2021).  Metabolic pathways can be modified by overexpression or 
silencing of certain genes to achieve higher biomass yield and desired products such as 
fatty acids, a key feedstock for biofuel production (Fayyaz et al., 2020., Sproles et al., 
2021). 
Chlorella vulgaris metabolic pathway was modified by overexpressing an endogenous ω-
3 fatty acid desaturase gene driven by its own promoter to synthesize α-linolenic, a 





transformation of Chlorella vulgaris through electroporation has been reported by Kumar 
et al. (2018).   
2.9 Microalgae Biomass Separation Process 
Once microalgae growth cycle is completed, biomass must be separated from water to 
recover the desired product. The high-water content of microalgae culture media, the 
small size of algal cells, in addition to low biomass concentration, makes the harvesting 
process costly and compromises its economic feasibility (Molina Grima et al., 2013; 
Razzak et al., 2017). Examples of dewatering process includes coagulation and 
flocculation as a step prior to flotation and sedimentation. Centrifugation and filtration 
are also used, among others (Molina Grima et al., 2013).  
Figure 2.7 reports a biomass-water separation process representation. Once the 
dewatering is concluded, the following steps, depending on the final product, may 
include the dehydration of biomass which adds up to the cost of the biomass processing 
(Molina Grima et al., 2013).   
 






2.10  CO2 Capture by Microalgae  
Different authors have reported the use of microalgae for CO2 capture using either 
gaseous CO2, flue gases and sodium bicarbonate. Table 2.1 presents a summary of some 
of the main contributions highlighting algae species, inorganic carbon source, conditions 
of pH and temperature, carbon conversion and the evaluation of Macroscopic Radiation 
Energy Balances (MREB) for establishing the Quantum Yield efficiency (QY).    
Among the different species of microalgae, Chlorella vulgaris has been widely used to 
investigate carbon fixation. The use of soluble bicarbonates had been tested in Chlorella 
vulgaris, Dunaliella salina, Dunaliella tertiolecta, and Chlorella sp. Different 
temperatures and pH makes difficult a comparison in the carbon conversion. Despite the 
high CO2 removal reported in some cases (Yeh et al., 2010, Lam & Lee, 2013), these 
values have been determined without considering the actual organic carbon formation.  In 
addition, the application of radiation energy balances for establishing the quantum yield 
efficiencies are absent in all studies listed on Table 2.1. 
Table 2.1 Microalgae Culture Species for CO2 Capture Reported in the Technical 
Literature with the following reported: a) Inorganic carbon source, b) pH, c) 
Temperature, d) Carbon conversion, e) Macroscopic Radiation Energy Balances. 
Author Algae Species Inorganic 
carbon 
source 
























obliquus LEB 22 
Spirulina sp. 
CO2 pH not controlled 





Not reported Not 
established 
































NaHCO3 pH=4 and pH=8.5 










Flue gas pH= 2.0- 8.0 not 
controlled 



























pH not reported 
T= 25 °C 
Not reported Not 
established 
Adamczyk 













Chlorella vulgaris NaHCO3 Temperature and 
pH not reported 
Not reported Not 
established 
Kim et al 
(2017) 







 Kim et al. 
(2017) 









NaHCO3 pH not controlled 
maximum 
pH=9.78 
T= 25 °C 
Not reported Not 
stablished 
Yadav et al. 
(2021) 






1Based on concentration of CO2 in the influent and effluent stream. 
2Based on initial and final concentration of NaHCO3. 
3CO2 removal efficiency: total biofixed CO2/total input CO2. 
4Calculated from TOC, initial concentration of NaHCO3, or CO2, based on reported results. 
Given the above-described lack of information, this PhD dissertation was planned to 
consider the design of a new PhotoBioCREC reactor allowing the simultaneous 
investigation of carbon conversion and quantum yield efficiencies of microalgae growth 
using soluble bicarbonates. As well, and in order to have results allowing PhotoBioCREC 
reactor scale up, with the anticipated photon utilization efficiencies, a kinetic model was 
considered to be established. It was the ultimate goal of this study to be able to describe 
organic carbon species (microalgae) and inorganic carbon species (sodium bicarbonate) 
changes at various irradiation time, with this data being extrapolatable to a scaled 





2.11 Conclusions  
• Microalgae growth with soluble carbonates such as sodium bicarbonate, has the 
potential to overcome the limitations of low mass transfer and high energy input, 
associated with direct CO2 feeds.  
• Carbon content in microalgae culture media and visible light can be considered 
the primary factors affecting microalgae growth, and this considering other 
parameters such as nutrients, pH and temperature are carefully controlled.  
• Quantum yield is a critical parameter to determine the efficiency of the 
microalgae culture process and has to considered as key quantification parameter 
for biochemical fixation of CO2.  
• Photobioreactor design still offers challenges to make of this technology a 






Chapter 3  
3 Research Objectives   
The main goal of this research is to establish a new photobioreactor design unit 
(PhotoBioCREC) for microalgae culture, based on the exposure of microalgae cells, to a 
visible radiation field, during cultivation time.  
3.1 Specific Objectives 
• To design and implement a PhotoBioCREC cell unit for extended operation, with 
the following features: a) High mixing of the culture media, b) Undisturbed 
photon transmission to the culture, through the unit cell walls, c) Easy 
implementation of photon balances and quantum yields.  
• To develop experiments in the designed unit, with microalgae CPCC 90 Chlorella 
vulgaris, growing with different sodium bicarbonate concentrations. This research 
follows the decay of inorganic carbon, the formation of total organic carbon and 
the irradiation transmittance.  
• To determine the biochemical carbon conversion of soluble bicarbonates, by 
CPCC90 Chlorella vulgaris, using total organic carbon as an indicator.   
• To establish Quantum Yield efficiency, on the basis of photon absorption 
determined by macroscopic energy balances in the PhotoBioCREC unit.  
• To develop a kinetic model for the inorganic carbon consumption of sodium 
bicarbonate and the formation of total organic carbon using microalgae CPCC90 
Chlorella vulgaris.  
• To validate the developed model for microalgae growth kinetics, by comparing it 
with data obtained from experiments, carried out in the PhotoBioCREC unit, with 
CPCC90 Chlorella vulgaris and sodium bicarbonate nutrient. 
• To establish a possible design for a scaled PhotoBioCREC prototype, based on a 
flow swirling principle, adequate for larger scale microalgae cultures, with its 





Chapter 4  
4 Materials and Methods 
This chapter describes the materials used, and the analytical methods employed, in the 
present research, in order to achieve the proposed research goals described in Chapter 3.  
4.1 Microalgae Strain  
The microalgae strain selected for the research is the green microalgae CPCC90 
Chlorella vulgaris obtained from the Canadian Phycological Culture Centre (CPCC) of 
the University of Waterloo, Canada. These microalgae species were chosen for 
experiments in the PhotoBioCREC unit since Chlorella vulgaris was found remarkably 
resistant to various culture conditions (pH, mixing, temperature), and contamination with 
other microalgae species (Sa et al, 2014).  
4.2 Growth media  
4.2.1 Modified Bold Basal Medium (MBBM) 
The Modified Bold Basal Media used for all experiments, was obtained from Canadian 
Phycological Culture Center sterile and was ready to be used. The medium was prepared 
based on the composition reported by Stein (1973). Table 4.1 and Table 4.2 report the 
macro and micro-nutrients, used for the media preparation, respectively. 
Table 4.1 Modified Bold Basal Media (Stein, 1973).  
Substance Stock solution mL/Litre 
KH2PO4 8.75 g/500 mL 10 mL 
CaCl2•2H2O 12.5 g/500 mL 1 mL 
MgSO4•7H2O 37.5/500 mL 1 mL 
NaNO3 125 g/500 mL 1 mL 
K2HPO4 37.5 g/500 mL 1 mL 











H2SO4 (concentrated) 1 mL/L 
Trace metal solution  See Table 2 1 mL 
H3BO3 5.75 g/500 mL 0.7 mL 
 








4.2.2 Inorganic Carbon Source 
Sodium bicarbonate (NaHCO3) was added as the inorganic carbon source, in all 
experiments, at four different nominal concentrations of 18 mM, 28 mM, 40 mM and 60 
mM. The actual concentrations employed, and their standard deviations are reported in 
Table 4.3. 
Table 4.3 Nominal and Experimental Concentrations of NaHCO3 used in the 
Experiments.  
Nominal Concentration (mM) Actual Concentration (mM) 
18 18.3 ± 1.4 
28 28.8± 1.4 
40 39.7 ± 0.5 
60  56.45 ± 4.4 
The levels of NaHCO3 concentrations were selected based on Mokashi et al., (2016) 
results. This study reported the effects of 3 mM, 6 mM, and 12 mM concentrations of 
sodium bicarbonate on Chlorella vulgaris. Results obtained showed that the specific 
growth rate and the biomass concentration was higher for experimental runs with 12 mM 
sodium bicarbonate. In addition, Chun-Yen et al., (2010) tested concentrations of sodium 
bicarbonate ranging from 1.2 mM to 24 mM, on Chlorella vulgaris C-C. These authors 





lower growth than the maximum rate reported for 18 mM. As a result, and consistent 
with the bicarbonate concentration levels selected by others, 18 mM, 28 mM, 40 mM and 
60 mM were chosen for the present PhD research studies.  
4.3 Experimental Setup 
4.3.1 PhotoBioCREC Unit  
A PhotoBioCREC unit was designed at the Chemical Reactor Engineering Center 
(CREC) at the University of Western Ontario. The 200 mL capacity unit was made of 
acrylic plastic using 3D printing. Four vertical baffles were included in the design. The 
PhotoBioCREC has a quartz window in one wall for irradiation measurements. The 
PhotoBioCREC was exposed to a cool white fluorescent lamp radiation on one side of the 
unit walls (the one opposite to the quartz window) and was placed over a stirrer plate. 
Figure 4.1 describes PhotoBioCREC unit which has a unique photobioreactor design that 
optimizes the exposure of microalgae cells to photons, and consequently, their growth. 
Mixing is provided with a cross magnetic stirrer, located in the bottom unit section. This 
is complemented with vertical baffles which help to increase both mixing and turbulence. 
Additionally, the PhotoBioCREC reactor has a semi-conical shape in the lower section, 
permitting the development of a vortex flow and counteracting at the same time, the 
formation of dead zones. The unit was made out of plexiglass, which transmits most of 
visible light, with an 0.5% material absorbance in the prototype walls (Altuglas 
International, 2016). This small plexiglass absorbance on the unit walls is considered 
critical for efficient microalgae culture. 
Furthermore, a quartz window located in the center of the cell, allows irradiation 
measurements, taken with a fiber optic-spectrophotoradiometer system, at various stages 
of microalgae growth. In addition, gamma alumina particles (0.3 g) of 1-2 mm diameter 





The system was complemented with a ventilation system to control the temperature 
during the experiments. 
 
Figure 4.1 Schematic Description of the PhotoBioCREC Unit. Left: Longitudinal cross 
section showing the microalgae culture level, the baffle positions and the fiber optic 
conduit placed at 5cm from the bottom, for irradiation measurements with a 
spectrophotoradiometer. Right: Various photobioreactor dimensions (Cordoba-Perez & 
de Lasa, 2020). 
4.3.2 Experiments in the PhotoBioCREC Unit  
CPCC 90 Chlorella vulgaris was grown in a MBBM with four different nominal 
concentrations of NaHCO3, ranging from 18 mM to 60 mM, in a 175 mL working 
volume. First. 157.5 mL of MBBM was added to the PhotoBioCREC unit. This was 
followed by the addition of the 17.5 mL of inoculum cells (10% of the liquid volume). 
Following this, the total initial average carbon concentration was quantified to be of 1.9 
mM ± 0.4 mM. After this step, the corresponding mass of sodium bicarbonate was added, 





to quantify the initial inorganic carbon concentration. The pH was adjusted to 7.0 every 
24 hours, with HCl 1.0 M and NaOH 1.0 M, as required.   
Irradiation was supplied using cool white fluorescent lamp for 12 hours, followed by a 
12-hour dark cycle. The average temperature recorded in the PhotoBioCREC unit during 
experiments was 24.3°C ± 0.5°C. The culture growth was monitored through the 
quantification of organic and inorganic carbon, the pH and transmission radiation 
measurements. Mixing was provided with a magnetic stirrer at 700 rpm. The experiments 
ran from 8 to 13 days, depending on the initial concentration of NaHCO3 used. Samples 
were taken every 24 hours. Three experiments were conducted for each concentration of 
NaHCO3. Furthermore, average values and their standard deviations (SD) were reported.  
Photos of the PhotoBioCREC prototype with microalgae CPCC90 Chlorella vulgaris are 
presented in Figure 4.2.   
  






4.4 Analytical Methods  
4.4.1 Total Organic Carbon (TOC) 
The quantification of the total organic carbon was conducted using a TOC-Shimadzu 
Analyzer VCPH. Two collected 13 mL liquid samples, were pretreated with HCl 2.0 M 
in order to decrease the pH to 2.0. The two samples were sparged with nitrogen for 10 
minutes, to eliminate inorganic carbon. After sparging, the sample was introduced in the 
autosampler Shimadzu ASI-V, to quantify the concentration of organic carbon in mg/L.  
4.4.2 Inorganic Carbon Concentration  
The determination of inorganic carbon concentration was performed using the derivative 
plot (Hage & Carr, 2011) titration, with a digital pH-meter Thermo Scientific Orion Star.  
Solution samples of 10 mL were titrated with 0.001M HCl while the volume (𝑉) of the 
acid and the corresponding pH was recorded. The pH versus volume data was used to 
calculate the first derivative 𝑑𝑝𝐻 𝑑𝑉⁄ . These derivative values were plotted as a function 
of HCl volume used, with the sharp peak in the plot corresponding to the end of the 
titration. The calibration of the HCl solution was conducted with sodium carbonate  
(𝑁𝑎2𝐶𝑂3). To avoid the interference of CO2 in the determination of the titration end 
point, a methyl red indicator was added to the samples. When the colour changed to 
yellow, the samples were boiled for 1 minute, to eliminate the formed CO2. After the 
samples were cooled down, HCl was added to determine the true end point (Hage & Carr, 
2011).  
4.5 Irradiation Measurements  
 Irradiance measurements were taken using a StellarNet EPP2000C-25 LT16 
Spectrophotoradiometer (StellarNet, Inc) via an optical fibre cable, coupled to a 
photosensor. The optical fibre was housed in a stainless tube with the sensing end placed 
at the edge of the photobioreactor wall. This allowed one to take irradiance measurements 





Irradiance transmittance was recorded, for wavelengths ranging from 400 nm to 700 nm, 
at every 0.5 nm, every 24 hours. Figure 4.3 shows the fluorescent lamp spectrum. The 
highlighted green zones show the fraction of the spectrum where the chlorophyll displays 
absorption wavelengths (Lanfer Marquez & Borrmann, 2009). These absorption 
wavelengths are considered in the present study for quantum yields calculations.    
 
Figure 4.3 Irradiation Spectrum for Fluorescent Lamp. Zones highlighted in “green” 
describe the fraction of the spectrum where chlorophyll displays absorption wavelengths, 
which are included in quantum yield calculations (Cordoba-Perez & de Lasa, 2020).. 
4.6 Algal Biomass Characterization  
4.6.1 Elemental Analysis  
The characterization of microalgae was achieved through the analysis of the cells of 
microalgae, by quantifying its elements, using combined elemental analysis, and Energy 
Dispersive X-ray Spectroscopy (EDX). To quantify carbon, hydrogen, nitrogen, and 
sulfur atomic element weight fractions in microalgae centrifugation was employed. To 
accomplish this, three centrifugation cycles were performed to remove any nutrients 





to keep an unaltered sample, before proceeding to analysis quantification. Figure 4.4 
reports an SEM-EDX image. EDX analysis allowed to establish the elemental microalgal 
composition (C, N, O, H, S) which were used to determine later in Chapter 7 (Section 
7.6), the biomass elemental formula.  
 
Figure 4.4 CPCC90 Chlorella vulgaris Cells Analysis with a) EDX and b) SEM. 
Samples correspond to a 12-day cultivation time and grown with nominal concentration 
of 60 mM of NaHCO3. 
4.6.2 Microalgae cell image analysis  
The CPCC 90 Chlorella vulgaris was analyzed using a microscope Z1 Imager by Zeiss. 
Cell sizes were determined in the culture growth micrographs, utilizing a consistent 0 
degrees direction, with this direction being used to define the microalgae cell size. This 
was complemented with a Scanning Electron Microscope (SEM) analysis. Sample 
preparation for SEM was based on the method reported by Percopo et al., (1997). This 
involved treating the samples with 1% glutaraldehyde (in MBBM) for 2.5 days at 4 ˚C. 





osmium vapour for 1 hour. Following this, the filtered biomass was rinsed with water, to 
eliminate osmium. It was then dehydrated with ethanol, at different concentrations (30% 
to 100%). The ethanol dehydrated samples were dried using a Critical Point Dryer, 
followed by the needed tape coating for SEM analysis. 
A typical SEM image is reported in Figure 4.4 (Section 4.6.1). Furthermore, in Figure 4.5 
CPCC90 Chlorella vulgaris cell’s shapes are also shown, with a quasi-
spherical/ellipsoidal shape being observed. One can also notice that culture cells display a 
cell size distribution, consistently falling in the 4.0 to 6.0 μm size range, with a ±0.8 μm 
SD, as shown in Figure 4.6. This cell sizes agree well with 2-10 μm cell sizes for 
Chlorella vulgaris reported by others (Sa et al., 2014).  
 
a) CPCC90 C. vulgaris inoculum cells. 
 
b) CPCC90 C. vulgaris cells 
using 28 mM NaHCO3.  
 
c) CPCC90 C. vulgaris cells 
using 60 mM NaHCO3.  
Figure 4.5 Microscope Images of CPCC90 Chlorella vulgaris cells: a) Show inoculum 
cells, b) show a case where a 28 mM NaHCO3 solution was used and after 10 days of 





days of culture. Contrast and cells boundary definition have been modified to improve the 
resolution of the images.  
 
Figure 4.6 Cell size Distribution for Different Concentrations of Inorganic Carbon, as 
Sodium Bicarbonate: a) blue bars: 18 mM, b) orange bars: 28 mM, c) yellow bars: 40 






Chapter 5  
5 Carbon Uptake by Chlorella vulgaris in a 
PhotoBioCREC Unit  
This chapter reports the analysis of the biochemical conversion of sodium bicarbonate, 
into total organic carbon, as a measure of algal growth. Furthermore, pH results during 
the cultivation time are also described.  
5.1 Carbon Concentration  
Chlorella vulgaris was grown in a MBBM, with a NaHCO3 inorganic supply of carbon 
culture media. Figure 5.1 reports the changes of the total inorganic and organic carbon 
concentrations during the cultivation time of Chlorella vulgaris, for all concentrations of 
NaHCO3. 
 
Figure 5.1 Total Inorganic Carbon and Total Organic Carbon Concentration Changes 
with Culture Time for the Different Nominal Concentrations of NaHCO3: (A) 18 mM, 





One can observe in Figure 5.1, the anticipated progressive decay of inorganic carbon with 
a corresponding increase of total organic carbon. On the other hand, one can note that the 
cumulative organic carbon displays an S-shaped curve, achieving a maximum growth 
after 8 to 11 days of cultivation time, depending on the initial concentration of NaHCO3. 
Moreover, one can also notice that the rate of microalgae growth, assessed with the slope 
of the S-shaped organic carbon concentration curve, augments in average until day 6, and 
then decreases progressively. 
For experiments with an initial concentration of 18 mM of NaHCO3, the value of the 
maximum concentration of total organic carbon achieved was 5.0 mM (see Figure 5.1.A). 
Furthermore, an increase in the value of total organic carbon concentration was observed 
for experiments with 28 mM NaHCO3 concentration, reaching a maximum total organic 
carbon concentration of 8.5 mM (Figure 5.1.B). In the case of experiments with 40 mM 
and 60 mM of NaHCO3, the maximum organic carbon concentrations achieved were 8.0 
mM (Figure 5.1.C) and 9.3 mM (Figure 5.1.D), respectively, at longer cultivation times 
of 11 days.  
One can also remark that for the higher concentrations of inorganic carbon supply (40 
mM and 60 mM), there were in both cases, longer initial lag phases, as well as a longer 
culture times to reach the maximum organic carbon concentration. Thus, it appears that 
Chlorella vulgaris requires more time to adapt to a higher level of dissolved inorganic 
carbon. 
Therefore, the present study shows that the initial bicarbonate concentrations in the range 
studied, have a mild influence on the maximization of the carbon fixation by Chlorella 
vulgaris. One should mention that the observed initial bicarbonate effect on microalgae 
growth, is in line with the initial longer lag phases and suggested cell abundance, found 
while cultivating N. salina and using 24 mM of bicarbonate instead of 12 mM (White et 
al., 2013). In this respect, the higher bicarbonate concentration effect observed, can be 
justified as an inhibition of microalgae growth, even though this condition may lead to a 





5.1.1 pH Changes during Microalgae Growth  
Regarding the use of sodium bicarbonate for microalgae cultivation, one can observe a 
steady pH increase trend, with this being due to the ion bicarbonate (𝐻𝐶𝑂3
−) 
decomposition, forming 𝐶𝑂2 and hydroxides (𝑂𝐻
−) catalyzed by carbonic anhydrase in 
the microalgae cells (Aizawa & Miyachi, 1986). Thus, every 24 hours, the pH was 
measured and adjusted to 7.0. Table 5.1 reports the pH value measured every day for all 
concentrations of sodium bicarbonate, and prior to the pH adjustment. 
Table 5.1 pH Measurements during CPCC90 Chlorella vulgaris Growth.  
Time (day) NaHCO3 Concentration 








1 8.3 ± 0.02 8.4 ± 0.1 8.4 ± 0.1 8.9 ± 0.2 
2 8.5 ± 0.1 8.6 ± 0.02 8.3 ± 0.02 8.6 ± 0.05 
3 8.8 ±0.2 8.7 ± 0.1 8.4 ±0.03 8.7 ± 0.1 
4 9.1 ±0.3 8.9 ± 0.2 8.5 ± 0.002 8.8 ± 0.1 
5 9.4 ±0.2 9.3 ± 0.2 8.7 ±0.1 9.0 ± 0.1 
6 9.3 ±0.1 9.5 ± 0.1 8.9 ±0.1 9.2 ± 0.1 
7 8.8 ± 0.3 9.5 ± 0.1 9.1 ±0.1 9.5 ± 0.2 
8 7.6 ±0.6 9.0 ± 0.5 9.3 ±0.1 9.6 ± 0.02 
9 7.1 ± 0.3 7.7 ± 0.5 9.2 ±0.1 9.3 ± 0.4 
10 7.2 ± 0.1 7.2 ± 0.1 8.8 ±0.6 8.2 ± 0.7 
11 
 
7.3 ± 0.1 8.1 ±0.5 7.3 ± 0.1 
12 
  
7.3 ±0.2 7.3 ± 0.1 
As reported in Table 5.1, as microalgae consumes inorganic carbon as bicarbonate ions, 





experiments with 18 mM of NaHCO3. pH values of 9.5, 9.3 and 9.6 were found for runs 
with 28 mM, 40 mM and 60 mM of NaHCO3, respectively.  
One should notice that the maximum pH was reached, at different cultivation times, for 
runs with 28 mM, 40 mM or 60 mM of NaHCO3. Once the maximum pH was attained, 
the increases in the pH became milder, displaying a 7.3 value at the end of the 
experiments, when presumably the ion bicarbonate fed was already depleted.  
Furthermore, it appears that the high pH values such as the ones observed in the present 
study, prevent bacterial contamination or avert the wild type of microalgal species from 
contaminating the culture (Wang et al., 2008). This is a positive effect for experiments 
developed which were carried out in non-sterile conditions. 
5.2 Carbon Conversion by CPCC90 Chlorella vulgaris  
Carbon utilization by microalgae is one of the most important culture parameters, 
coupled with the quantum yield, which is required to analyze the efficiency of the 
microalgae growth process. In this respect, one can envision the microalgae culture 
process as follows: 
𝑁𝑖𝑛 → 𝑁𝑜𝑟𝑔 + 𝑢𝑛𝑐𝑜𝑛𝑣𝑒𝑟𝑡𝑒𝑑 𝑁𝑖𝑛 Equation 5.1 
With 𝑁𝑖𝑛 representing the moles of inorganic carbon source, which in the case of the 
present study is sodium bicarbonate, and 𝑁𝑜𝑟𝑔 representing the moles of organic carbon 
Accordingly, one can estimate the carbon conversion by microalgae as: 
𝜂 =
𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑜𝑟𝑔𝑎𝑛𝑖𝑐 𝑐𝑎𝑟𝑏𝑜𝑛  𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑
𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑖𝑛𝑜𝑟𝑔𝑎𝑛𝑖𝑐 𝑐𝑎𝑟𝑏𝑜𝑛 
∗ 100 
Equation 5.2 
Figure 5.2 reports the carbon conversion for the different concentrations of NaHCO3 
tested. It can be observed that the inorganic carbon conversion increases to a maximum 
value of 27%, in the runs with 18 mM NaHCO3. A similar inorganic carbon conversion 
of 29.6% was reached for experiments with 28 mM NaHCO3. On the other hand, when 





carbon decreases. For instance, in the case of 40 mM of NaHCO3, the carbon conversion 
reached a maximum of 21% after 11 days of cultivation, while for experiments with 60 
mM NaHCO3, this value was 17% after the same cultivation time. 
 
Figure 5.2 Conversion Efficiency of Inorganic Carbon provided as NaHCO3 into Organic 
Carbon in the PhotoBioCREC.  
On this basis, one can notice the following influence of bicarbonate concentration on the 
organic carbon formation as reported in Figure 5.2, as follows:  
a) Augmenting the bicarbonate concentration in the 18 mM to 28 mM of NaHCO3 
range, increases the inorganic carbon conversion,  
b) Raising the bicarbonate concentration from 28 mM to 40 mM of NaHCO3 range, 
has no effect on the inorganic carbon conversion, and  
c) Augmenting the bicarbonate concentration in the 40 mM to 60 mM of NaHCO3 
range diminishes the inorganic carbon conversion. 
As reported in the technical literature (Liu et al., 2017; Tu et al., 2018), microalgae 
growth processes are favored by higher substrate concentration until an optimum value. 





microalgae growth, resulting in a lower carbon conversion and slower growth rates. 
Furthermore, in the case of using NaHCO3 as a source of carbon, microalgae are exposed 
to salinity stress, that results in photosynthesis inhibition due to the changes in the 
osmotic pressure (Torzillo & Vonshak, 2013). Salt stress limits the fixation of CO2 by 
inactivating the Rubisco enzyme (Torzillo & Vonshak, 2013).  
Regarding the inorganic carbon obtained in PhotoBioCREC, it is important to remark that 
carbon dioxide fixation efficiencies have been reported in the technical literature, by 
other authors, for different microalgal strains including C. vulgaris, based on influent and 
effluent CO2 or NaHCO3 concentration differences. For instance, Keffer and Kleinheinz 
(2002) reported a 74% CO2 fixation, by considering the doubtful assumption that the CO2 
concentration difference could be assigned to organic carbon only. A different approach 
was reported by Barahoei et al 2020, who determined a CO2 utilization efficiency based 
on the theoretical yield of 1.88 kg of CO2 recycled/100 kg biomass and the inlet CO2 
concentration. The maximum value of 35% carbon utilization efficiency was achieved 
when supplying 7% v CO2, in a bubble column photobioreactor (Barahoei et al., 2020).  
Thus, the inorganic carbon conversion values reported in this chapter are valuable, given 
that they were obtained, using a rigorous inorganic carbon conversion analysis. They 
show typical inorganic carbon conversions in the 25-30%, at optimum bicarbonate 
concentrations. 
5.3 Conclusions  
• The culture of Chlorella vulgaris in a PhotoBioCREC unit leads to significant 
inorganic carbon conversions with a significant formation of organic carbon 
species.  
• The culture pH must be monitored and adjusted periodically (every day) in order 





• The initial sodium bicarbonate concentrations do not lead to a higher carbon 
utilization efficiency.  Inorganic carbon conversions are limited to levels that are 







Chapter 6  
6 Macroscopic Radiation Energy Balances and Quantum 
Yields  
An important parameter to establish photoreactor performance is the light utilization 
efficiency (Markager, 1993). This efficiency designated as quantum yield (QY), can be 
determined as the rate of organic carbon produced over the rate of absorbed photons. 
Considering that visible light supplies the energy required for the photosynthesis process 
performed by the Chlorella vulgaris in the PhotoBioCREC unit and that light absorption 
occurs only at specific wavelengths, this efficiency is critical to understand the carbon 
conversion efficiency in the PhotoBioCREC.    
6.1 Methodology  
As introduced in Chapter 4, a cool white fluorescent lamp was used to externally irradiate 
the PhotoBioCREC unit. The prototype was designed with a quartz window which allows 
the irradiation measurements to be performed with an optic spectro-photo-radiometer, 
every 24 hours, as reported in Figure 6.1. These measurements were performed within a 
range of 400 nm to 700 nm, at every 0.5 nm. However, since the energy consumed by the 
microalgae is only a fraction of the visible light spectrum, the chlorophyll absorption 
bands were considered, for the quantification of the rate of absorbed photons (see Figure 
4.3). Three runs for each concentration were performed. As a result, in the present 
chapter, average values and their corresponding standard deviations (SD) are reported. 
To be able to establish the quantum yield efficiency, one can calculate the rate of 
absorbed photons by considering the lamp emitted photons reaching the PhotoBioCREC 
reactor transparent wall. Macroscopic balances allow the calculation of absorbed photons 
(de Lasa et al., 2005), as the difference between the incident photons and transmitted 






𝑃𝑎 = 𝑃𝑖 − 𝑃𝑡 Equation 6.1 
where 𝑃𝑎 is the rate of absorbed photons in the culture media, 𝑃𝑖 the rate of photons 
reaching the PhotoBioCREC unit walls, and 𝑃𝑡 the rate of photons transported throughout 
the PhotoBioCREC microalgae culture media. All units for rate of photons in Equation 
6.1 are moles of photons s-1. 
 
Figure 6.1 PhotoBioCREC Unit Setup for Irradiation Measurements (Cordoba-Perez & 
de Lasa, 2020).  
 Furthermore, based on photons absorbed rates by microalgae and the rates of organic 
carbon formed one can establish the quantum yield (QY), defined as the molar rate of 












Considering that the moles of absorbed photons are estimated, for the main chlorophyll 









6.2 Observed Photon Absorption and Quantum Yields  
The driving force for photosynthesis is sunlight. Once photons are absorbed in the 
chloroplast by chlorophyll pigments, a series of photochemical and redox reactions begin 
(Razzak et al., 2013). As a result and given the importance of visible light radiation for 
the consumption of inorganic carbon by the microalgae, irradiation measurements were 
effected. This was done to determine photon absorption efficiency, which is designated as 
the quantum yield. 
Figure 6.2 reports the rate of photon absorption and its change with cultivation time, for 
the four concentrations of NaHCO3. As described in Equation 6.1, the determination of 
photon absorption can be made by developing macroscopic irradiation energy balances in 
the PhotoBioCREC unit. 
Regarding photon absorption in the PhotoBioCREC unit, one must consider the 
following:  
a) γ-alumina particles were added at a 0.05% volume concentration (volume of 
solid/liquid volume) to keep the photobioreactor walls free of microalgae 
deposition. Despite the fact that γ-alumina particles decreased transmitted 
radiation by less than 5% (e.g., Irradiance for a free of solids media was 2.21x1015 
moles of photons cm-2 s-1 and irradiance with alumina particles loaded was 
2.11x1015 moles of photons cm-2 s-1), it was found that their continuous motion 
and promoted shearing forces near the walls, was adequate to keep the reactor 





b) At the beginning of the microalgae culture, the MBBM in the water yielded a 
liquid medium transparent to visible light. Under these initial conditions, there 
was very little photon absorption in the culture media (Kong & Vigil, 2014).  
c) However, later in the cultivation process, photons emitted by the light source 
became progressively absorbed via the different pigments in the microalgae cells 
(Kong & Vigil, 2014).  
d) Finally, and at the end of every run, starting around day 7, one was able to 
observe that the entire photon radiation flux was absorbed by the suspended algae.   
 
Figure 6.2 Rate of photon Absorption (Equation 6.1) for the Experiments with 
Concentrations of Sodium Bicarbonate of: (A) 18 mM, (B) 28 mM, (C) 40 mM and (D) 
60 mM. Vertical bars represent the standard deviation of three runs.  
On this basis, the QY as shown in Equation 6.3, allowed establishing the efficiency of 
microalgae growth per absorbed photon utilization rate. This represented the rate of 





To be able to calculate the QY, one must establish the time derivative of the organic 
carbon produced as microalgae, or the equivalent rate of organic carbon production. From 
the data reported in Figure 5.1, the 𝑑𝑁𝑜𝑟𝑔 𝑑𝑡⁄  can be obtained for the four different 
concentrations of NaHCO3.This is reported in Figure 6.3A, B, C and D.   
 
Figure 6.3 Rate of Organic Carbon Formation for the Different Concentrations of 
NaHCO3: (A) 18 mM, (B) 28 mM, (C) 40 mM, and (D) 60 mM. Vertical bars represent 
the standard deviation of three runs. 
In addition, and based on the results obtained, concerning the rate of photon absorption 
and the total organic carbon production rate for CPCC90 Chlorella vulgaris growing with 
initial concentrations of NaHCO3 of 40 mM (Figure 6.2C, Figure 6.3C) and 60 mM 
(Figure 6.2D and Figure 6.3D), it can be seen that a longer cultivation times are needed. 
This is the case to efficiently utilize the energy provided by the light source and the 





Furthermore, Figure 6.4A, B, C and D describe the QY, using the data reported in Figure 
6.2 and Figure 6.3. 
 
Figure 6.4 Percentual Quantum Yield (Equation 6.3) for Chlorella vulgaris with: (A) 18 
mM NaHCO3, (B) 28 mM NaHCO3, (C) 40 mM of NaHCO3 and (D) 60 mM of 
NaHCO3. Vertical bars represent the standard deviations of three runs. 
By reviewing the data reported in Figure 6.4A, one was able to see that the QY displayed 
a maximum value of 3.2%, for the experiments with 18 mM of NaHCO3 at day 2 of 
cultivation. This decreased progressively from day 2 to day 7. A similar QY was 
achieved when microalgae were grown with 28 mM initial NaHCO3 concentration, with 
the QY efficiency being 3.6% at day 2. Thus, one was able to see that the photochemical 
inorganic carbon conversion into biomass by microalgae, is a relatively slow process of 
variable QY efficiency. The QY values reported in Figure 6.4 can be explained as follow: 
a) At day 2, the rate of biomass formation is modest with relatively low 𝑃𝑎. This led 





b) After day 2, however, while microalgae continue to grow, the 𝑃𝑎 stabilizes, 
reaching the total irradiated photon flux at day 6-7. This leads to QY values which 
are progressively reduced with cultivation time. 
The analysis of these results can lead to establishing optimum operation conditions for 
cultivation time. For instance, when feeding Chlorella vulgaris with 18 mM of NaHCO3, 
it can be envisioned that it is convenient to operate the PhotoBioCREC for 7 days only, in 
order to maximize carbon conversion, with an acceptable QY average of 2.0% for 
Chlorella vulgaris. Likewise, if the inorganic carbon concentration fed is 28 mM, one 
more day of operation to maximize inorganic carbon utilization leads to an average QY 
of 2.3%.   
Moreover, for experiments with concentrations of NaHCO3 of 40 mM (Figure 6.4C) and 
60 mM (Figure 6.4D), one can see that a maximum photon utilization efficiency for 
organic carbon production is achieved at day 2 with values of 2.5% and 2.8%, 
respectively. Thus, one can envision that it is favorable to operate the photobioreactor for 
8 days, when NaHCO3 is supplied at 40 mM. In the case of 60 mM of NaHCO3, limiting 
the operation of the PhotoBioCREC to 10 days allows maximizing carbon formation, and 
obtaining an adequate QY average of 1.9% for Chlorella vulgaris. 
Regarding the QY values obtained for the different concentrations of NaHCO3, one can 
conclude the following:  
a) 𝑃𝑎, which is the denominator in Equation 6.3, changes with cultivation time for all 
concentrations of NaHCO3, studied in a similar manner. 
b) The 𝑑𝑁𝑜𝑟𝑔 𝑑𝑡⁄  numerator in Equation 6.3, augments more rapidly for the lower 
concentrations of NaHCO3 (18 mM and 28 mM).  
 As a result, lower concentrations of NaHCO3 lead to a better photon utilization, as 






• The transmitted radiation measurements allow one to establish macroscopic 
irradiation balances, with photon absorption steadily increasing with cultivation 
time.  
• The average quantum yields evaluated, provide an encouraging photon utilization 
efficiency in the 1.9-2.3% range.  
• The data obtained shows that the inorganic carbon concentrations influence the 
organic carbon formation rates, with lower values and extended lag phases 
observed at higher sodium bicarbonate concentrations.     
• The rates of photon absorption and total organic carbon formation rates allow one 
to establish the best operation time in the PhotoBioCREC unit, in order to 







Chapter 7  
7 Kinetics of Microalgae Culture  
7.1 Introduction  
Different kinetic models for microalgae growth have been published in the technical 
literature. The Monod model is widely used to predict the specific microorganism growth 
rate, under light saturation conditions (Monod, 1949). Later, in other studies, growth rate 
modifications have been reported including growth inhibition, due to both lack of 
nutrients and nutrient concentrations that are too high (Andrews, 1968; Martínez et al., 
1999). Kumar & Das (2012) and Chang et al. (2016) used the logistic equation (Equation 
7.1) to explain the different phases of the microalgae growth (lag, exponential and 









where 𝑋 represents the dry cell weight (𝑔 𝐿−1), 𝑋𝑚𝑎𝑥 is the maximum dry cell weight 
(𝑔 𝐿−1) and 𝐾𝐶  stands for the apparent specific growth rate of the microalgae (𝑑𝑎𝑦
−1) 
Regarding the microalgae growth rate, few studies have determined algae growth kinetic 
parameters including the effect from inorganic carbon concentrations obtained from 
bicarbonate solutions. The focus has been on the use of gaseous CO2 (Almomani, 2019; 
Jacob-Lopes et al., 2008). 
Table 7.1 reports a summary of the kinetic models available in the technical literature, 
highlighting the main issues reading the reported kinetic models (a) the effect of mixing 
and radiation absorption, (b) the quantum yield evaluation, (c) the kinetic model 
development with the simultaneous measurement of total organic carbon (TOC) formed, 





Table 7.1 Microalgae Kinetic Models Reported in the Technical Literature.  


















No No First order and 
Monod 
none 






No No First order None 





No No First order First order 
Yeh et al. (2010)  Yes No No First order and 
Monod model 
None 
Chun-Yen et al. 
(2010)  
Yes No No First order and 
Monod model 
None 
Kumar & Das 
(2012)  




Lam & Lee (2013)  Yes No No First order None 




Adamczyk et al. 
(2016)  
? No No Logistic 
equation 
None 
This study Yes Yes Yes Zero order First order 
Notes: (a) The "yes" corresponds to a quantitative evaluation of either “the cell unit mixing” or “the cell 
unit radiation absorption” during runs, (b) The "No" corresponds to a lack of provided data regarding  
"mixing" or "radiation absorption", (c) The "?" symbol corresponds to cases where there is uncertainty 
regarding “the mixing conditions” or “the radiation absorption”, and (d) The “zero order”, “first order” or 
“the Monod model” corresponds to observed kinetics during experiments.  
One can notice in Table 7.1, that even if this proposed kinetics can be considered 
valuable as first approximations, they still lack the following: (a) the development of 
macroscopic irradiation energy balances, (b) the assessment of carbon balances, (c) a 
critical review of kinetic model assumption applicability, and (d) the determination of 





Given the above, in the following sections of this chapter, a phenomenologically based 
growth kinetics for CPCC90 Chlorella vulgaris is rigorously established, using a wide 
range of bicarbonate concentrations. 
7.2 Kinetic Model Development 
Inorganic carbon species can be fed to the PhotoBioCREC unit, as bicarbonates. These 
species can be converted, in principle, into organic carbon as microalgal biomass, CO2, 
sodium carbonate and sodium hydroxide. As a result, an overall bicarbonate conversion 
stoichiometry can be considered as follows: 
2𝑁𝑎𝐻𝐶𝑂3 → 𝛼𝐶𝐻𝑎𝑂𝑏(𝑏𝑖𝑜𝑚𝑎𝑠𝑠) + 𝛽𝐶𝑂2 + 𝜔𝑁𝑎2𝐶𝑂3 + 𝜑𝑁𝑎𝑂𝐻
+ 𝜐𝐻2𝑂 
Equation 7.2 
with 𝛼,  𝛽 , 𝜔, 𝜑 and 𝜐 being the stochiometric coefficients for organic carbon as 
biomass, for CO2, for sodium carbonate, for sodium hydroxide and for water, 
respectively. On this basis, a kinetic model can be established by using the 
PhotoBioCREC unit data to arrive at the following conclusions:   
a) Algal growth takes places in a well-mixed PhotoBioCREC unit. This is 
considered adequate given the high mixing, which is the result of the important 
axial and circumferential promoted fluid motion in this unit. 
b) The incident irradiation passing through the flow media, containing the suspended 
alumina particles, remains steady during the entire algal growth period. This is 
achieved, because of the self-cleaning walls promoted by the circumferential 
motion of the alumina particles in the close to wall region.  
As a result, under these conditions, once can postulate with confidence, that the changes 
in bicarbonate moles comply with the following species balance:   
𝑑𝑁𝑖𝑛
𝑑𝑡







with 𝑁𝑖𝑛 representing the moles of inorganic carbon, 𝑟𝑖𝑛 being the molar rate of inorganic 
carbon consumption, 𝐶𝑖𝑛 denotes the molar concentration of inorganic species, 𝑘𝑖𝑛 
representing the kinetic constant for the conversion of inorganic carbon species, and 𝑉𝑓 
standing for the liquid hold-up in the PhotoBioCREC. 
Assuming that the 𝑉𝑓 is constant, and given the unchanged fluid level, and the steady 







With 𝐶𝑖𝑛 representing the concentration of inorganic carbon species, fed as bicarbonates. 
Regarding Equation 7.3, one can also mention, as shown later in the present study, that 
sodium bicarbonate concentration displays a first order decay (n=1), which is an expected 
order of reaction for a unimolecular species consumption. 
Furthermore, while sodium bicarbonate consumption is progressing, microalgae is 
steadily being formed, during a designated “growth phase”. Throughout this period, the 
CPCC90 Chlorella vulgaris growth can be described, using as a basis the total organic 
carbon (TOC) as follows:   
𝑑𝑁𝑜𝑟𝑔
𝑑𝑡








with 𝑁𝑜𝑟𝑔 representing the moles of total organic carbon, 𝜃𝑣 representing the microalgae 
matrix sites susceptible to reacting with bicarbonate inorganic molecules, in a 
condensation reaction with the 𝑚 reaction order set to 1; 𝑟𝑜𝑟𝑔 the molar rate of total 
organic carbon formation, 𝑘𝑜𝑟𝑔 being the kinetic constant for the formation of total 





Furthermore, and if the bicarbonate carbon containing species interact with microalgae 








with 𝐾 being the adsorption constant, and the vacant sites in the microalgae surface 
evaluated from a chemisorption model as 𝜃𝑣 = 1 (1 + 𝐾𝐶𝑖𝑛)⁄ . Thus, Equation 7.3 and 
Equation 7.6 can be used to describe the sodium bicarbonate concentration changes, as 
well as the changes in carbon concentration contained in the microalgae (𝐶𝑜𝑟𝑔) as 
defined using TOC.  
In addition, one can also envisage that at 𝐾𝐶𝑖𝑛 ≫ 1 conditions, Equation 7.6 becomes a 
zero-order reaction. The 𝐾𝐶𝑖𝑛 ≫ 1 hypothesis included in the present model accounts for 
a sound bicarbonate-free site on microalgae surface interaction mechanism, which is 
likely the condition to be found for a bicarbonate decomposition reaction where one 
bicarbonate ion interacts with one free site on microalgae outer surface. If this is correct, 
the result is Equation 7.7, with this being consistent with the experimentally zero order 
observed during the microalgae growth period.    
As a result, integrated forms of Equations 7.4 and 7.6 can be proposed for CPCC90 
Chlorella vulgaris culture in a NaHCO3 solution media: 
a) Inorganic carbon consumption:  
𝐶𝑖𝑛 = 𝐶𝑖𝑛0𝑒
−𝑘𝑖𝑛𝑡 Equation 7.8 
b) Organic carbon formation:  
𝐶𝑜𝑟𝑔 = 𝑢(𝑡 − 𝑡𝑙𝑎𝑔){𝑘𝑜𝑟𝑔,𝑗(𝑡 − 𝑡𝑙𝑎𝑔)[1 − 𝑢(𝑡 − 𝑡𝑓)] + 𝑢(𝑡 − 𝑡𝑓)𝐶𝑜𝑟𝑔
𝑚𝑎𝑥} Equation 7.9 
with 𝑡𝑙𝑎𝑔 and 𝑡𝑓 corresponding to the beginning of the lack phase, and the end of the 
growth phase, respectively; 𝐶𝑜𝑟𝑔





the end of the growth phase. Equation 7.8 represents the decay of inorganic species, 
involving an exponential decay function which was found to be first order; and Equation 
7.9 representing a zero-order reaction, with a Heaviside function selected to represent the 
growth induction period, and the growth arrest time. 
Furthermore, a ratio between the integrated form of Equation 7.7 evaluated at the 
maximum organic carbon concentration, and the initial inorganic carbon concentration, 
can be established. One can obtain the maximum concentration of total organic carbon 







𝑘𝑜𝑟𝑔(𝑡𝑓 − 𝑡𝑙𝑎𝑔) =
𝑘𝑜𝑟𝑔
𝐶𝑖𝑛0
𝜏 Equation 7.10 
with 𝜏 representing the growth phase time.  
Furthermore, the selectivity conversion of inorganic carbon into Chlorella vulgaris can 






7.3 Kinetic Parameters  
Table 7.2 reports the reaction order and the reaction rate constant, for the inorganic 
carbon (bicarbonate) consumption. One should note that few studies in the literature have 
reported the inorganic carbon conversion kinetic parameters. One should mention that the 
kinetic model obtained in our research is consistent with Jacob-Lopes, Gimenes Scoparo 
& Teixeira Franco (2008), who reported a first order removal of gaseous CO2, in the 
aqueous phase by a cyanobacteria species. 
Table 7.2 Kinetic Parameters for Inorganic Carbon Consumption.  
Parameter Value 
𝑛 0.95 ± 0.09 
𝑘𝑖𝑛 {(𝑚𝑚𝑜𝑙𝑒 𝐿





Moreover, Figure 7.1(a), Figure 7.1(b), Figure 7.1(c) and Figure 7.1(d) report the 
NaHCO3 concentration changes with culture time, at four different initial concentrations, 
showing the good agreement between the experimental and the predicted concentrations.   
Microalgae biomass growth can be tracked using the progressive total organic carbon 
concentration increase with culture time. The kinetic parameters for total organic carbon 
are presented in Table 7.3, for the different bicarbonate concentrations. The results are 
consistent with the already described TOC observed: (a) there is a kinetic constant 
increase in the 18 mM to 28 mM range, (b) there is a stable value of the kinetic constant 
for 28 mM, 40 mM and 60 mM concentrations of NaHCO3. Furthermore, the reported 
results confirm the effective applicability of the proposed zero order model, for the 
biotransformation of inorganic carbon into organic matter, by the CPCC90 Chlorella 
vulgaris, during the growth phase, for all bicarbonate concentrations.    
 
Figure 7.1 NaHCO3 Concentration Changes with culture time. Experimental and model 
predicted values (Equation 7.8) for nominal initial concentrations of (A) 18 mM, (B) 28 





Table 7.3 Reaction Rate Constants for Total Organic Carbon Formation and Growth 
Phase time.  
Nominal conc. of NaHCO3 
(mM) 
𝑘𝑜𝑟𝑔(𝑚𝑚𝑜𝑙𝑒 𝐿
−1 𝑑𝑎𝑦−1) 𝜏 (day) 
 
18 0.86 ± 0.13 6 
28 1.18 ± 0.05 7.2 
40 1.06 ± 0.08 8 
60 1.02 ± 0.11 9 
Figure 7.2(A), Figure 7.2(B), Figure 7.2(C) and Figure 7.2(D), show that TOC increases 
with culture time, during the growth phase, with the predicted organic carbon 
concentration for the growth phase, following the proposed zero-order model closely, 
during the 2-10 days period. This consistent zero order model agrees with the Monod 
model, with bicarbonate carbon concentrations being supplied at relatively high levels 
(Chun-Yen et al., 2010; Yeh et al., 2010).  
Figure 7.2 also shows that a maximum organic carbon concentration is reached in all 
cases, after 8 or 11 days of algae culture. This maximum organic carbon concentration 
can be influenced by the initial bicarbonate, which follows a non-linear trend, as reported 
in Figure 7.3. Therefore, the maximum organic carbon concentration (𝐶𝑜𝑟𝑔
𝑚𝑎𝑥) predicted 
by the proposed kinetic model, can be related to the initial inorganic carbon 
concentration, provided as NaHCO3, using 𝛾 and 𝛿 parameters, and estimated with a 
nonlinear regression as follows: 
𝐶𝑜𝑟𝑔
𝑚𝑎𝑥 = 𝛾𝐶𝑖𝑛0 = 𝛾0𝐶𝑖𝑛0𝑒
(−𝛿𝐶𝑖𝑛0) Equation 7.12 
Figure 7.3 shows the ability of the proposed model to predict maximum organic carbon 
concentrations using both Equation 10 and Equation 12. Furthermore, Figure 7.3 







Figure 7.2 Concentrations of Total Organic Carbon with Culture Time. Experimental and 
model predicted values (Equation 7.9 for growth phase) for Nominal concentrations of 
NaHCO3: (A) 18 mM, (B) 28 mM, (C) 40 mM and (D) 60 mM. 
Furthermore, and regarding the selective conversion of inorganic carbon into Chlorella 
vulgaris, the maximum selectivity was found to be for the initial concentration of 18 mM 
of bicarbonate species as shown in Table 7.4. Selectivity decreased with the increase of 
the initial sodium bicarbonate concentration. These results yielded stoichiometric 
coefficients close to 𝛼 = 0.33, 𝜑 = 1, 𝛽 + 𝜔 = 1.67, in Equation 7.2, and showed the 








Figure 7.3 Maximum Concentrations of Total Organic Carbon as a Function of Initial 
NaHCO3 Concentration. Note 𝜸 = 𝟎. 𝟒𝟐 ± 𝟎. 𝟎𝟒 and  𝜹 = 𝟎. 𝟎𝟐 ± 𝟎. 𝟎𝟎𝟒 of Equation 
7.12. 
Table 7.4 Maximum Selectivity for the Different Inorganic Carbon Concentrations Based 
on Equation 7.12. Average values of 3 runs and standard deviations are reported.   
Initial Conc. NaHCO3 (mM) Selectivity (%) 
18 33.0 ± 2.0 
28 31.6 ± 1.8 
40 22.8 ± 3.1 
60 17.0 ± 1.4 
7.4 Kinetic Model  
The kinetic modelling allows the prediction of the PhotoBioCREC performance, and the 
efficiency of carbon uptake by microalgae. During the lag phase, microorganisms adapt 
to the growth conditions, such as nutrients, temperature and mixing, that can result in a 





included in the model, and presented in Equation 7.9, allows one to properly account for 
these phenomena, predicting a close to null increase of biomass or total organic carbon 
concentration during the lag phase. On the other hand, for the growth phase, the proposed 
model allows the prediction of total organic carbon concentration until it reaches the 
maximum value. As shown in Figure 7.2(A), Figure 7.2(B), Figure 7.2(C) and Figure 
7.2(D), after reaching the maximum concentration, there is a decline in the growth rate, 
as a result of the depletion of inorganic carbon supply.  
Consequently, the kinetic model proposed in this research allowed us, in principle, to 
predict the CPCC 90 Chlorella vulgaris growth rate, both for carbon conversion and 
maximum carbon fixation. In addition, and given the experimental runs developed in the 
PhotoBioCREC, with concurrent macroscopic energy balances being established, this 
model allowed the evaluation of photon utilization efficiency, observed to be as high as 
3.6%, as previously reported in Chapter 6. 
Figure 7.4(A), Figure 7.4(B), Figure 7.4(C) and Figure 7.4(D) report the good agreement 
between the total organic carbon concentration, as predicted by the model developed in 
the present study, and the experimental results obtained in the present study, in the 
PhotoBioCREC unit.  
Additionally, the validity of the proposed kinetic model for determining the conversion of 
inorganic carbon into organic carbon, can be analyzed by comparing the model predicted 
values with the experimental results. Figure 7.5 confirms the adequacy of the model 
proposed for CPCC90 Chlorella vulgaris. As a result, the proposed model of the present 
study can be considered as suitable for the prediction inorganic carbon converted, organic 






Figure 7.4 Comparison between Experimental Results and Predicted Values from the 
Proposed Kinetic Model (Equation 7.9), for the determination of Total Organic Carbon 
Concentration for Different Initial Nominal Concentrations of NaHCO3: (A) 18 mM, (B) 






Figure 7.5 Comparison of Predicted and Observed Total Organic Carbon for the sodium 
Bicarbonate Concentrations of the present study.  
7.5   Biomass Composition  
The elemental composition of microalgal biomass was determined via combined CHNS 
(Elemental Carbon, Hydrogen, Nitrogen and Sulfur) and EDX (Energy Dispersive X-
Ray) analysis. Table 7.5 shows that the carbon, hydrogen, oxygen and nitrogen elemental 
components of the CPCC90 Chlorella vulgaris of the present study, agree with the data 
reported in the literature.  In particular, the observed nitrogen content in the CPCC90 C. 
vulgaris confirmed the expected protein content (Arif et al., 2021). In addition, the 
CPCC90 C. vulgaris grown with NaHCO3, had a reported low sulfur content, which 
makes it a good biofuel feedstock, with low sulfur oxide emissions (Arif et al., 2021).  
Finally, one can also notice the negligible sodium content, in the CPCC90 C. vulgaris 
elemental composition. This allows one to anticipate the full recycle of sodium in the 





proximate formula for CPCC90 Chlorella vulgaris biomass was established as 
𝐶𝐻1.8𝑂0.39.  
Table 7.5 Elemental Analysis of the Cells of the CPCC90 Chlorella vulgaris Using 
Combined CHNS and EDX Elemental Analyses. Reported results are an average value 
for repeats with a ±0.003 being the largest standard deviation.   
Composition 
(%) 
This study Literature  
CPCC Chlorella vulgaris Chlorella vulgaris 
(Raheem et al., 2015) 
Carbon 55.1 46.1-50.39 
Hydrogen 8.2 6.01-6.41 
Oxygen1 29.0 19.1-25.00 
Nitrogen 7.1 9.01-14.77 
Sulfur 0.6 0.4-6.05 
Molar ratios 
H/C 1.8 1.43 
C/N 9.1  
O/C 0.39 0.339 
1 Data calculated from combined CHNS and EDX analyses.   
7.6 Conclusions  
• A PhotoBioCREC prototype with controlled mixing and radiation conditions, 
provides a suitable experimental prototype, for the establishment of Chlorella 
vulgaris culture kinetics.  
• Measurements of sodium bicarbonate and TOC changes with culture time, show 
an up to 33% selective conversion of bicarbonates into microalgae, establishing 
Chlorella vulgaris photosynthesis in the PhotoBioCREC, as a promising process 
for carbon capture.     
• The proposed kinetics allows one to predict both bicarbonate concentration and 
organic carbon concentration changes, during various Chlorella vulgaris growth 
phases, when using an ample 18 mM to 60 mM range of sodium bicarbonate 





• The proposed model also reliably permits one to establish maximum Chlorella 






Chapter 8  
8 PhotoBioCREC Scaled Swirl Reactor Prototype 
The scaled PhotoBioCREC unit described in Chapter 4, was designed to establish 
microalgal kinetics. This kinetic model reported in Chapter 7 could make possible, in the 
near future, the prediction of the performance of a PhotoBioCREC Swirl Reactor, 
designed at the Chemical Reactor Engineering Centre (CREC), as part of this PhD 
Dissertation.  This chapter describes the PhotoBioCREC Swirl Reactor, and presents 
relevant results obtained, concerning both fluid dynamics and irradiation. 
8.1 Description of the PhotoBioCREC Swirl Reactor  
The PhotoBioCREC Swirl Reactor was configured with a central annular section of 10.3 
L, made of two vertical placed, concentric cylindrical quartz glass tubes. This central 
section is surrounded by four equally spaced reflector units, made of polished metal. A 
total of 8 externally placed fluorescent lamps irradiate the annular section of the 
PhotoBioCREC Swirl Reactor.  
The PhotoBioCREC Swirl Reactor and auxiliary components is described in Figure 8.1: 
(a) an irradiated section, (b) a pump to recirculate the water, (c) a gas flow to recirculate 
the particles and (d) a storage tank to fill up the reactor.  
During the preliminary experiments, the PhotoBioCREC Swirl Reactor was run with 
water only. The photobioreactor operates as follows: (a) once water and alumina particles 
reach the bottom section of the reactor, they are recirculated back, using two separated 
recirculation systems: one for the liquid and one for the particles, (b) water is recirculated 
to the top of the unit using a water pump. A filter placed at the water pump admission 
prevents alumina particles from reaching the water pump moving parts. These alumina 
particles move upwards due to a gas flow. This gas could be nitrogen or a mixture of 






Figure 8.1 General Schematic Diagram of the PhotoBioCREC Swirl Reactor and the 
Experimental System. 
The water suspended solids are fed from the top of the unit to the irradiated section, via 
four equally circumferentially distributed ports measuring 12.7 mm each. As well, the 
water flow reaching the top of the unit is fed tangentially to the PhotoBioCREC Swirl 
Reactor via a 9.5 mm inlet, inducing a combined swirl of particle flow, throughout the 
irradiated reactor section. The generated swirl flow is predicted to: a) enhance microalgae 
cell exposure to the visible light irradiation, reducing the effects of limited irradiation, 
when the culture concentration increases (Pruvost et al., 2002), b) prevent microalgal 
deposition on the unit walls, given that the swirling motion is dominant (Loubière et al., 
2008).  
Figure 8.2 provides additional details of the PhotoBioCREC Swirl Reactor radiation 
section. It consists, as already described, of an annular section with the microalgae cells 





velocity. The design considerations allow one to extend the residence time of microalgae 
cells in the unit, improving the irradiation efficiency. 
 
Figure 8.2 Diagram of the PhotoBioCREC Swirl Reactor a) inner reflectors and front 
annular section view, (b) unit side view (Valadés-Pelayo et al., 2015).  
The radiation section is complemented with the following: (a) a reflector section with 
four reflectors and eight lamps in total, (b) a pulley mechanism to introduce a probe, 
along the central axis of the annular section, at different heights and azimuthal angles. 
The four reflectors are arranged at 90 degrees from each other. Each reflector has a 46.2 
cm length and 15.7 cm width. There are two lamps in each reflector. Details of the 
position of the reflectors are shown in Figure 8.3. Eight lamps of visible light irradiation 







Figure 8.3 Schematic Diagram Showing Lamps and their Relative Location in the 
Reflectors. The (a) axonometric view and (b) top view. Dimensions reported in 
centimeters (Valadés-Pelayo et al., 2015). 
8.2 Image Analysis for Tangential and Axial Velocity 
Determination in the PhotoBioCREC Swirl Reactor.  
The tangential and axial particle velocity in the PhotoBioCREC Swirl Reactor were 
determining through video image analysis using a graphic editor software. The process of 
frame analysis involved (a) the use of individual video frames, (b) a grid of a set size on 
PhotoBioCREC Swirl Reactor established, (c) the use of pixels dimensions of the 
extracted frames. These dimensions from the extracted frames were related to the actual 
dimensions in centimeters. 
In each frame, particles were located based on their (𝑥, 𝑦) position in pixels (Position 1, 
Figure 8.4). The particles were followed in the next frames to register the new position 
(Position 2, Figure 8.4), and with this information the 𝛥𝑥 and 𝛥𝑦 were calculated. Using 
the corresponding conversion factor established for the reactor size as mentioned above, 
and since there were 60 frames per second, the velocity (axial and tangential) in cm/s was 
calculated for each particle. Moreover, particles trajectories were followed at different 
positions along the axial axis, as a result, a velocity profile of the PhotoBioCREC Swirl 






Figure 8.4 Image Analysis. Particle trajectories are tracked in different frames, 
establishing the x and y position. Particles highlighted in black represent the particles 
tracked. The red lines provide a reference for x and y position changes of the selected 
particles. 
8.3 Fluid Dynamics of the PhotoBioCREC Swirl 
Reactor 
In the PhotoBioCREC Swirl Reactor, a swirling particle flow is promoted, generating a 
particle-fluid descending vortex. To assess the extent of this, axial and tangential particle 
velocities were determined using image analysis. With the images extracted from videos 
and the process of calculation described in section 8.2, we were able to track numerous 
particles, to calculate their velocity components, as well as to determine their trajectories. 
Using these data, both axial and tangential velocities were obtained.  
Figure 8.5 reports the tangential particle velocity, for both normal co-axial flow and for 
the swirling flow. One can see that, in this case, there is a significant increase of the 





shows that the tangential particle velocity remains in a close range along the axial reactor 
length, with this showing little dissipation of the swirl, along the reactor unit.    
 
Figure 8.5 Effect of Swirl Flow on Particle Tangential Velocity. 
Furthermore, and regarding axial velocity, Figure 8.6 shows that the average velocity of 
the particles remains unaffected by the swirl. One can see that particles display a mean 
axial velocity of 18.1 cm/s without the swirl, and a 19.5 cm/s with swirl flow.   
As a result, the proposed PhotoBioCREC Swirl Reactor is effective in creating a rotating 
flow field with little dissipation of the swirl along the vertical axis. This increases 






Figure 8.6 Effect of Swirling Flow on Particle Axial Velocity. 
 
8.4 Irradiation Measurements in the PhotoBioCREC 
Swirl Reactor.  
Irradiation measurements in the PhotoBioCREC Swirl Reactor taken with suspended 
alumina particles suspended in water, allow one to establish photon absorption by these 
alumina particles.  
Figure 8.7 reports the irradiance transmittance when the PhotoBioCREC Swirl Reactor is 
loaded with alumina particles at a 0.2% concentration (volume of solid/liquid volume). 
Measurements were taken at the 0-cm axial and four azimuthal angular positions. 
Quantified differences between irradiation transmittance were 15%. This confirms the 
limited ability of the alumina particles, at the selected conditions of the PhotoBioCREC 






Figure 8.7 Comparison of the Visible Radiation spectra for water (continuous line) and 
water with alumina particles (dash lines). Measurements were performed at Z=0 cm and 
four azimuthal positions in the 400 nm-70 nm range. Standard deviations ± 2%. 
Moreover, an irradiance axial profile for the PhotoBioCREC Swirl Reactor was 
established, as reported in Figure 8.8, which shows the axial radiation distribution. One 
can thus confirm that there is an observable light transmittance reduction, when alumina 
particles are loaded at a 0.2% concentration. 
However, after developing a Macroscopic Radiation Balance in the PhotoBioCREC Swirl 
Reactor, it was found that alumina particles absorbed only 6.4% of the photons reaching 
the inner reactor surface. This photon absorption by the alumina particles is in line with 






Figure 8.8 Axial Radiation distribution Profile at Various axial Positions. Measurements 
effected at four azimuthal positions. 
Furthermore, Figure 8.9 reports the total transmittance at the Z=0 axial position and 
different azimuthal angles. One can notice the consistency of the I/I0, at various 
azimuthal positions, thus allowing the PhotoBioCREC Swirl Reactor to be analyzed, 
using a restricted “pie shape” control volume. This type of approach has the advantage of 
reducing considerably, the various numerical calculations required, for future studies, 
using this photoreactor. 
While these findings are valuable, further experimentation is in our view required, to re-
establish the optimal alumina particle concentration, in the PhotoBioCREC Swirl 
Reactor. These alumina particles, in combination with the promoted swirl flow, are 








Figure 8.9 Dimensionless Transmitted Radiative Flux at Z=0 cm and at Different 
Azimuthal Positions shown in the Diagram.  
Furthermore, since there is a recirculation of the fluid, there are short periods of time 
when the microalgae cells are not exposed to the visible irradiation light. In this regard, 
experiments in the PhotoBioCREC unit, can also allow one to determine the effect of 
short dark-light cycles during irradiation time. 
Even though experiments with Chlorella vulgaris were not performed in the 
PhotoBioCREC Swirl Reactor in the context of this research, the provided fluid dynamics 
and irradiation measurements obtained in the PhotoBioCREC Swirl Reactor, and 





microalgae growth performance, in this scaled bioreactor. This proposed future 
evaluation should include both experiments and numerical CFD calculations, including 
the culture algae growth kinetics, reported in Chapter 7. 
8.5 Conclusions  
• The PhotoBioCREC Swirl Reactor provides a design concept that involves a 
significant vortex flow, with an important tangential particle velocity, in the near-
wall region. This particle tangential velocity helps to increase microalgae cell 
residence time, and photon absorption through transparent reactor walls, free of 
algae deposition.  
• The future development of the PhotoBioCREC Swirl Reactor prototype will 
significantly benefit from the established Chlorella vulgaris growth kinetics and 










Chapter 9  
9 Conclusions, Future Work and Research Outcomes 
9.1 Conclusions 
The main contributions of this thesis can be summarized as follow:  
a) Runs were performed in the 0.175 L PhotoBioCREC unit with Chlorella vulgaris 
growing in sodium bicarbonate solutions. Culture growth was successfully 
monitored using total organic carbon and inorganic carbon concentrations, and 
irradiation transmittance.  The formed microalgae were characterized using high 
resolution microscopy, SEM-EDX and CHNS elemental analysis.  
b) Inorganic carbon conversion as high as 29.6% at 18-28 mM of sodium 
bicarbonate solutions, were established for Chlorella vulgaris growth. It was 
proven that increasing the inorganic carbon supply as sodium bicarbonate in the 
40-60 mM does not lead to higher inorganic carbon utilization efficiencies. 
Instead, under these higher bicarbonate concentration conditions, the lag phase is 
extended, and the total organic carbon formation rates slow down.  
c) Macroscopic energy balances allowed the successful determination of the photon 
absorption rates of Chlorella vulgaris culture, in the 0.175 L PhotoBioCREC unit. 
It was observed that photon absorption rates increased with culture time, reaching 
a constant maximum value after 7 days of microalgae cultivation, on average.  
d) Quantum yield efficiencies for Chlorella vulgaris growing in sodium bicarbonate 
solutions, in the 0.175 L PhotoBioCREC unit, were calculated and provided 
encouraging 1.9-2.3% light utilization efficiencies, towards carbon fixation by 
microalgae.  
e) Both quantum yields and carbon utilization efficiencies allowed the definition of 





unit. In this case, the goal was to maximize energy and inorganic carbon 
utilization.   
f) A new kinetic model was successfully established to predict total organic carbon 
and inorganic carbon concentrations, during Chlorella vulgaris growth phase, 
when using sodium bicarbonate concentrations, in the 18 mM to 60 mM range.  
g) Fluid dynamics studies were developed using a scaled 10.3 L PhotoBioCREC 
Swirl Reactor prototype with an induced swirl. This reactor can preserve all the 
beneficial microalgae growth features, demonstrated in the 0.175 L 
PhotoBioCREC Unit.   
9.2 Future work  
The recommendations of future research, based on the findings of this PhD thesis 
Dissertation are:  
a) To investigate the effect of a higher culture pH on Chlorella vulgaris growth rate, 
in the PhotoBioCREC unit using sodium bicarbonate solutions as the microalgae 
growth media.  
b) To optimize the alumina particle concentration in the PhotoBioCREC Swirl 
Reactor that in combination with the promoted swirl flow, can maintain the 
reactor walls clean, during microalgae growth, ensuring a constant irradiation 
transmittance.  
c) To investigate microalgae growth in the PhotoBioCREC Swirl Reactor, 
combining CFD simulation and the kinetic model reported in this PhD 
Dissertation. 
d) To characterize microalgae biomass obtained with the different sodium 
bicarbonate concentrations including carbohydrates, lipids, proteins, and calorific 





9.3 Research Outcomes  
The research objectives presented in Chapter 3 of this PhD Dissertation were met, and the 
results obtained from this research were published as a research paper, with a second one 
pending publication. M. Cordoba-Perez is the first author for both articles. In addition, 
there was a conference presentation that was made by the same author, based on the 
outcomes of this research.   
• Cordoba-Perez, M.; de Lasa, H. CO2 Derived Carbon Capture Using Microalgae 
and Sodium Bicarbonate in a PhotoBioCREC Unit: Kinetic Modeling. Processes. 
2021; 9(8):1296. https://doi.org/10.3390/pr9081296  
• Cordoba-Perez, M.; de Lasa, Hugo. CO2-Derived Carbon Capture and Photon 
Absorption Efficiency by Microalgae in Novel PhotoBioCREC. Industrial and 
Engineering Chemistry Research, 2020, 59 (33), 14710-14716.  
https://doi.org/10.1021/acs.iecr.0c02319 
• Cordoba-Perez, M.; de Lasa, H. CO2 Capture and Photon Absorption Efficiency 
by Microalgae in Novel PhotoBioCREC. Canadian Chemical Engineering 
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